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Abstract 
The Brisbane River Estuary facilitated European settlement of the surrounding region. As 
the estuary was progressively engineered to facilitate economic growth, its behaviour, 
character and colour changed. Today the estuary no longer serves as the backbone of 
Brisbane’s economy, providing no natural resources nor passage to large vessels beyond 
the central business district. This is unusual for an estuary flowing through a capital city. 
Whilst other cities around the world continue to engineer their estuaries to support their 
respective economies, Brisbane has the relatively uninhibited opportunity to improve its 
estuary’s ecological potential and appeal.  
The turbidity of the Brisbane River Estuary is cyclic, with both tidal and annual components. 
The first of two primary challenges addressed in this thesis was to determine the processes 
responsible for the annual component. The work involved the analysis of existing 
measurements, the development of process based numerical models and additional field 
monitoring. 
The annual component in the estuary’s turbidity cycle is principally driven by exchanges of 
mud between the channel and mudbanks. From around May to August the winds are 
sufficiently calm and thus the waves are sufficiently small that mud in suspension can settle 
onto the mudbanks.  As the mud is progressively transferred to the mudbanks, the channel 
bed is progressively depleted of erodible mud. Thus, the tidal currents progressively erode 
less mud into suspension and the turbidity decreases. From around September to April the 
winds are sufficiently energetic and thus the waves are sufficiently large that the mud 
temporarily stored in the mudbanks is eroded and reintroduced to the channel bed. The 
reintroduced mud is readily eroded by the tidal currents and contributes to the turbidity of 
the estuary. 
The second challenge was to determine a means to enhance the Brisbane River Estuary’s 
existing capacity to reduce its turbidity and formulate a strategy to further reduce the turbidity. 
Experiments on native vegetation already existing on the mudbanks of the estuary have 
demonstrated that one species, Crinum pedunculatum, is readily propagated, survives 
below mean water level and is of a physical form conducive to intercepting waves. The mass 
planting of C. pedunculatum in a line parallel to the channel and below mean water level will 
intercept the waves and maintain “calm wind” conditions over the mudbanks year-round. 
Thus the turbidity will be maintained around the low August levels, or lower, for longer.  
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1 Introduction to this thesis 
1.1 Background 
Estuaries are complicated and intriguing natural systems. Whilst the ~85 km long, ~200 m 
wide and ~15 m deep waterway is often referred to as the Brisbane River, it will be referred 
to in this thesis as “the Brisbane Estuary”, or “the estuary”. As with many other estuaries, 
the ocean tide drives the alternating water levels and currents and the interaction between 
ocean and fresh water drives complex estuarine circulations.  
The Brisbane Estuary winds through the city of Brisbane, the capital of Queensland, 
Australia. Brisbane is Australia’s third most populous city with over two million people (ABS, 
2019a). The Brisbane Estuary hosts a major port and is an important link between Moreton 
Bay, a Ramsar Wetland of International Importance (Ramsar Convention Secretariat), and 
the Brisbane River (Figure 1-1). 
 
Figure 1-1. Outline map of Australia with state boarders and capital city locations. Location of the Brisbane 
Estuary indicated. Map courtesy Geoscience Australia (2005). 
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Following European settlement of the region, the estuary: was dredged and channelized for 
navigability (Dobson, 1990), had water storages constructed within the catchment (Razzell, 
1990), had its sand and gravel resources exploited (O'Flynn & Thornton, 1990) and 
undergone the pressures of development within its catchment and on its banks (Holmes, 
1990). The commercial extraction of sand and gravel from the estuary ceased on 31 
December 1998 (Jakku, 2004), however the navigation requirements for Brisbane’s port, the 
city’s dependency on the water storages and the extensive public and private assets 
bordering the estuary ensure the estuary will not be returned to its original state in the 
foreseeable future. 
1.2 What is turbidity 
Turbidity is an optical property of a fluid, where water with a relatively high turbidity value 
will appear relatively more hazy or murky than water with a relatively low turbidity value. 
Values of turbidity are derived from the relative intensity of light emitted into a water sample, 
and the intensity of light reflected backwards onto a receiving sensor. The light detected by 
the receiving sensor may have been repeatedly reflected by many suspended particles and 
subsequently the term “backscatter” is often used in the context of turbidity measurements. 
Suspended particles such as sediment, phytoplankton, zooplankton, other organic matter, 
and air bubbles all contribute to the turbidity. 
Numerical values for turbidity are presented as Nephelometric Turbidity Units (NTU). In 
water with relatively high turbidity, an object lowered into the water, such as a secchi disk1, 
will become indistinguishable at a shallower depth than if it had been lowered into water with 
relatively low turbidity (Figure 1-2). This is because in water with a relatively high turbidity, 
the light scattered by the many suspended particles effectively obscures objects. A secchi 
disk may however become indistinguishable at a relatively shallow depth when the turbidity 
is very low (Figure 1-2). This is because dissolved substances can absorb light, effectively 
obscuring objects without scattering the light. The light absorbing properties of the dissolved 
substances in fact reduce the measured turbidity, as the light emitted into the water by the 
turbidity measuring instrument is absorbed prior to, and following, being reflected back onto 
the receiving sensor. 
                                            
1 A 30cm diameter white and black disk lowered into the water until it becomes indistinguishable. The depth 
at which this occurs is referred to as the secchi disk depth. 
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Figure 1-2. Measurements collected within the Brisbane Estuary of the depth at which a Secchi disk can be 
distinguished (secchi depth) plotted against the turbidity measured at the surface. The colour of the dots 
indicates the salinity of the water in which the measurements were collected. The salinity is indicative of the 
position within the estuary of the sampling except following rainfall resulting in significant freshwater inflows. 
Measurements courtesy HLW (2016). 
 
Solids suspended within water will contribute to the measured turbidity, as light emitted into 
the water is reflected back by the many suspended particles onto the receiving sensor. 
Subsequently, the higher the Suspended Solids Concentration (SSC), generally the higher 
the turbidity, and vice versa (Figure 1-3, upper). The size, shape and colour of the 
suspended particles influences the SSC-NTU relationship as differently sized, shaped and 
coloured particles reflect light in different ways. The salinity of the water, in which sediment 
is suspended, can influence the size and shape of the particles due to the extent to which 
the sediment particles bond to one another to form larger particles. This has likely 
contributed to an SSC-NTU relationship which varies throughout the Brisbane Estuary 
(Figure 1-3, lower). 
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Figure 1-3. Upper: the Suspended Solids Concentration (SSC) concentration of water samples collected from 
the Brisbane Estuary plotted against the turbidity of the samples. Lower: a zoomed in plot of samples collected 
downstream of 25 km and upstream of 70 km of the 85 km long estuary. The colour of the dots is indicative of 
the distance the samples were collected upstream from the estuary mouth, and are hence usually indicative 
of the salinity. The yellow dots usually indicate salinities closer to sea water, and the blue dots, salinities usually 
closer to fresh water. Rainfall induced freshwater inflows which significantly reduce the salinity throughout the 
entire estuary invalidates the distance upstream – salinity relationship. Salinity values were not available for 
this data set which spans March 1974 to March 2011. Measurements courtesy HLW (2016). 
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1.3 The turbidity of the Brisbane Estuary at a glance 
In the Brisbane Estuary upstream of the central business district (CBD), it is often not 
possible to see beyond 0.6 m into the water column (Figure 1-4). Measurements collected 
in relatively fresh water within the estuary indicate that low visibility can occasionally occur 
without high turbidity (Figure 1-2). This is likely due to dissolved light absorbing substances. 
Generally, however, the low visibility in the estuary is principally driven by high turbidity, 
which is driven by high suspended solids concentrations. This is readily demonstrated by 
collecting samples of estuary water and placing the samples on a stationary surface. The 
clarity of the samples improves with time as the solids settle out of suspension (Figure 1-5). 
If the lack of clarity was due to dissolved light absorbing substances, then the clarity would 
not have improved with time.  
 
 
Figure 1-4. Box and whisker plot of secchi disk depths measured along the Brisbane Estuary based on monthly 
measurements from 2000-2015. Maximum whisker length is 1.5 times the interquartile range. Measurements 
courtesy HLW (2016). 
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Figure 1-5. Photo of a Lego man standing in a glass container filled with water collected from the Brisbane 
Estuary on the 03/06/2019 at the Central Business District (CBD). Left at time 0, Right at time 3 hours. The 
improved clarity of the water is due to suspended solids settling out of suspension. 
Via casual inspections, the Brisbane Estuary may appear perpetually brown or “turbid”. 
Measurements demonstrate however, that the turbidity varies significantly on timescales 
from hours to months (Figure 1-6). The variation is cyclic, with the various components of 
the turbidity cycle driven by various estuarine processes.  
 
 
The suspended solids which contribute to the turbidity within the Brisbane Estuary constitute 
particles of mineral sediment, dead organic matter and live organic matter. The relative 
Figure 1-6. Turbidity measured using a moored data buoy at Indooroopilly (42 km upstream, Figure 2-1). Daily 
average is plotted in bold, depicting inflows from the catchment in early February, and the spring-neap tide 
and annual components of the turbidity cycle. Individual measurements are plotted in the insert, depicting the 
ebb-flood tide components of the turbidity cycle. Measurements courtesy Howes et al. (2002). 
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concentration of the various constituents can determine the appearance of the water. For 
instance, when the concentration of photosynthesising phytoplankton is high and the 
concentration of suspended sediment is low, the water will appear relatively green. Whilst 
when the concentration of suspended sediment is relatively high, the water appears 
relatively brown. During periods of high turbidity within the Brisbane Estuary, suspended 
sediment is the dominant contributor to the suspended solids concentration and 
subsequently the high turbidity and subsequently the lack of clarity. Water samples collected 
over several days during a spring tide in June, 52 km upstream at Jindalee, indicated the 
suspended solids consisted of 72% mineral sediment and 28% organic matter (§A.13). 
These samples were collected in a region of the estuary with relatively low clarity (Figure 
1-4) and a stage in the tidal cycle and a month in the year when the turbidity is relatively 
high (Figure 1-6). 
Whilst “muddy” or “turbid” estuaries are not inherently unhealthy, the light otherwise 
available for photosynthesizing organisms and creatures which use their eyesight in the 
Brisbane Estuary is limited. The suspended sediment which contributes to the turbidity also 
imparts a matt brown colour which is generally considered by the Brisbane population and 
its visitors as less than appealing. Reducing the turbidity of the Brisbane Estuary would 
improve its ecological potential and appeal. 
1.4 Existing or previously proposed strategies to reduce the turbidity of the 
Brisbane Estuary 
Existing strategies to reduce the turbidity of the Brisbane Estuary 
The increased sediment runoff resulting from numerous disturbances to the Brisbane River 
Catchment has, and is, being addressed through various catchment based initiatives. To 
date, despite these efforts, there is insufficient evidence to suggest that the turbidity of the 
Brisbane Estuary has been decreasing or increasing significantly since the year 2000 
(Figure 1-7). It is noted that temporal trends in turbidity are difficult to interpret from the 
monthly sampling, due to the spring-neap and ebb-flood cycles within the estuary (Figure 
1-6).  
From 2001 to 2016, the population of South East Queensland, of which the Brisbane River 
Catchment is contained, increased by around 33% and the number of dwellings by around 
32% (ABS, 2019b). It is likely that such population growth and development continued, and 
possibly increased, the stress on the catchment. 
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Previously proposed strategies to reduce the turbidity of the Brisbane Estuary 
Following a 12.5 month deployment of a data buoy at Indooroopilly (42 km upstream, Figure 
2-1), which collected temperature, salinity and turbidity measurements at fifteen minute 
intervals, a comprehensive study was performed. The work was part of the Stage 3 South 
East Queensland Regional Water Quality Management Strategy (Abal et al., 2001). One of 
the key objectives of the study was to identify potential management strategies to reduce 
the turbidity of the Brisbane Estuary (Howes, 2002).  
The study concluded, through a multi criteria analysis, that the best options to considerably 
reduce the turbidity of the estuary was to reduce the tidal range by constructing a lock at the 
estuary’s mouth or to reduce the freshwater inflows during dry months (Howes, 2002). 
Reducing the tidal range and subsequently the tidal currents would substantially reduce the 
turbidity of much of the estuary. This conclusion can be made as the turbidity measured 
during neap tides, when the tidal range is relatively small, is significantly lower than the 
turbidity measured during adjacent spring tides, as evident in the bi-monthly cycling of the 
turbidity (Figure 1-6). The freshwater inflows during the dry months are two orders of 
magnitude lower than the tidal flows in the vicinity of the Turbidity Maximum (§4.7). 
Numerical modelling performed in this thesis, which did not include the fresh water inflows 
during the dry months, was capable of replicating the measured increase in salinity in the 
Figure 1-7. A subsample of the monthly turbidity measurements at Indooroopilly (42 km upstream, Figure 2-1) 
in the Brisbane Estuary. Measurements courtesy HLW (2016). 
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upper estuary following heavy rainfall events during the wet months (§4.16). Thus it is 
considered unlikely that further reducing the freshwater inflows during the dry months would 
significantly alter the longitudinal salinity distribution in the estuary, and subsequently reduce 
the turbidity of the estuary. The Howes (2002) study concluded that reducing catchment 
sediment loads would only slightly improve estuarine turbidity beyond periods directly 
following heavy rainfall. 
The Howes (2002) study identified that the reducing turbidity from April to mid-September 
and its subsequent increase in 2001 (Figure 1-6), was independent of rainfall. The study did 
not however determine the processes responsible for this aspect of the turbidity signal, 
stating:  
“..if the processes causing this low turbidity can be understood and controlled, then the 
opportunity for a substantial decrease in turbidity exists ..” (Howes, 2002 Chapter 9, 
Management Scenarios).  
It has been the identification and quantification of the responsible processes which drive the 
gradual decrease in turbidity from April to mid-September and its subsequent increase which 
has resulted in the strategy proposed in this thesis (Chapter 7). 
1.5 Relevant strategies implemented in other estuaries 
No solution exists where, with only limited financial resources, an estuary can be restored 
and managed and the loads of sediment, pollutants and nutrients reduced whilst the 
population and aspirations of the human inhabitants in the region increases (Wolanski et al., 
2004). Rather than finding the means of achieving the above, this thesis is targeted at 
reducing the turbidity of a specific estuary.  
To the writer’s knowledge, no strategies have been implemented in other estuaries with the 
intention of reducing the turbidity, other than by reducing the erosion of sediment from the 
catchment or intercepting the sediment before it enters the estuary through the use of 
wetlands or engineered structures. Vegetation has however been deliberately and 
extensively planted into the intertidal zone around the world. Such plantings were performed 
to: reduce the siltation of channels by stabilising sediment, provide coastal protection by 
stabilising sediment and attenuating wave energy and to reclaim land by converting the 
intertidal zone into a net depositional environment (Ranwell, 1967). Although these 
strategies were not targeted at reducing turbidity, they are similar to the strategy which will 
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be proposed in Chapter 7, which relies on a species of vegetation to function as an 
ecosystem engineer (Jones et al., 1997). 
Most of the documented land reclamation works are in temperate regions where varieties of 
Spartina thrive. Such species are highly effective at reclaiming large areas of land, 
predominantly because some species can survive below Mean Water Level (MWL) (McKee 
and Patrick, 1988). 
Spartina anglica was introduced into the Tamar Estuary, Australia, in 1947 and currently 
forms the country’s largest infestation. Since its introduction, S. anglica has trapped an 
estimated 1,200,000 m3 of sediment and organic matter with sedimentation rates estimated 
at 10-50 mm/yr (Sheehan and Ellison, 2014). The ecological impacts of Spartina in 
Tasmania are poorly understood and require further research (Kriwoken and Hedge, 2000). 
Spatina townsendii was introduced to coastal areas of Queensland from 1930-1935 but did 
not persist (Ranwell, 1967). 
1.6 Purpose of thesis and research questions 
The purpose of the thesis is to understand the relevant processes which drive the turbidity 
within the Brisbane Estuary and identify a means by which the turbidity of the estuary can 
be significantly and feasibly reduced. The following three points form the basis for the 
research questions.  
 Existing measurements indicate that the turbidity of the Brisbane Estuary has neither 
been decreasing since 2000, nor will decrease into the future without the 
implementation of a novel strategy (§1.4). 
 A previous study, aimed at developing a strategy to reduce the turbidity of the 
Brisbane Estuary, identified the importance of identifying which processes drive the 
gradual decrease in turbidity from April through to mid-September and its subsequent 
increase (§1.4).  
 Vegetation, capable of surviving below MWL on the intertidal zone, has been grown 
extensively in the Northern Hemisphere to promote the accumulation of sediment on 
the intertidal zone (§1.5).  
The following research questions are answered throughout the thesis. 
RQ1:  Historically, was the Brisbane Estuary less turbid? Answered in §2.6. 
11 
 
RQ2:  What are the most significant processes driving the gradual decrease in the turbidity 
of the Brisbane Estuary from April through to mid-September and the subsequent 
increase? Answered in §6.14. 
RQ3:  Is there a species of vegetation which can be used to promote the accumulation of 
fine sediment (silt and clay) on the intertidal zone of the Brisbane Estuary? Answered 
in §5.6. 
RQ4:  Can the findings from addressing RQ2 and RQ3 be utilised in a strategy to both 
significantly and feasibly reduce the turbidity of the Brisbane Estuary? A strategy is 
proposed in Chapter 7. 
The quantity of information included in the thesis exceeds that required to answer the above 
four research questions. Prior to the commencement of this thesis, there existed numerous 
theories for R2, and it was evident that each theory needed to be dispelled if the answer 
determined during this thesis was to be widely accepted. Subsequently, almost all of the 
physical processes which influence how the Brisbane Estuary behaves are addressed, 
resulting in a thesis which also acts as a future reference for a wide range of studies 
regarding the Brisbane Estuary. 
1.7 Scope and study area 
This thesis focussed on the estuarine processes within the ~85 km length of waterway 
extending upstream from Moreton Bay to the tidal limit. Moreton Bay and the estuary’s 
catchment were considered when the natural processes considered included the systems. 
For instance, the import of sediment into the estuary from the bay and the import of sediment 
into the estuary from the catchment are both considered in the thesis. The measurements 
utilised to describe the estuarine processes in this thesis extend from the year 2000 to 2018. 
Measurements and anecdotal evidence preceding 2000 were considered when describing 
the estuary’s past. Only vegetation already inhabiting the intertidal zone of the Brisbane 
Estuary was considered.  
1.8 Structure 
Chapter 1 introduces the thesis, contextualises the research within past studies into the 
turbidity of the Brisbane Estuary and describes the purpose and scope of the current 
research. The research questions are presented. 
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Chapter 2 describes the geology of the estuary and how Aboriginal and post-European 
settlement activities changed the estuary physically. The question as to whether the estuary 
was ever clear is addressed. 
Chapter 3 outlines the measurement collection techniques and describes the sites from 
which the measurements were collected. 
Chapter 4 describes the physical attributes of the estuary. The turbidity of the estuary is 
presented in the final section where the spatial and temporal variability is presented and 
discussed. Numerous potential drivers for the annual turbidity cycle are discussed and 
demonstrated to be of limited significance. The most significant driver of the annual turbidity 
cycle is developed in Chapter 6. 
Chapter 5 discusses the species of vegetation which inhabits the intertidal zone of the 
estuary and which have the potential to influence the sediment dynamics, and subsequently 
the turbidity. The potential for specific species to play a significant role in reducing the 
turbidity of the estuary is tested and discussed. 
Chapter 6 describes a processes based numerical modelling system developed during this 
thesis to describe and explain the various estuarine processes which are significant drivers 
of the temporal variability of the turbidity. 
Chapter 7 presents the strategy proposed to reduce the turbidity of the Brisbane Estuary. 
The strategy is proposed by summarising the key findings from the thesis to answer the 
fourth and final research question. The chapter concludes with recommendations regarding 
ongoing and future work. Subsequently, Chapter 7 also reads as the conclusion to the thesis.  
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2 Introduction to the Brisbane Estuary 
2.1 Overview 
This Chapter begins by classifying the Brisbane Estuary using definitions widely accepted 
in the field of estuarine science. The Brisbane Estuary’s geological past is then described, 
and insights provided into the estuary’s physical attributes prior to European settlement. 
How the estuary has been progressively modified and exploited since European settlement 
is discussed, with emphasis on the modifications and exploitations which have influenced 
the turbidity. The Chapter then concludes with a discussion on the topical question: Was the 
Brisbane Estuary ever clear? A figure with the places referred to in this chapter, in the vicinity 
of the estuary, is provided (Figure 2-1). 
 
 
 
2.2 Classification of the Brisbane Estuary 
The definitions used to classify the Brisbane Estuary in this section are those widely used in 
the field of estuarine sciences. Classifying the Brisbane Estuary in this manner will be most 
useful for readers already familiar with numerous other estuaries, who will subsequently be 
Figure 2-1. The Brisbane Estuary with places referred to in Chapter 2. Image courtesy of Nearmap. 
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able to readily contextualise the findings developed in the thesis regarding the Brisbane 
Estuary with findings from other estuaries around the world. Readers unfamiliar with the 
following definitions do not miss out on any information, with the physical characteristics of 
the Brisbane Estuary developed in detail throughout the thesis. 
Prior to European colonisation and subsequent modification, the Brisbane Estuary was a 
coastal plains estuary (Perillo, 1995). The estuary, at its mouth, would have been considered 
wave-dominated (dalrymple, 1992), and from the limited historical accounts throughout the 
estuary, it was microtidal (Hayes, 1975). Today in 2019, the reclamation of land for the Port 
of Brisbane shelters the estuary mouth from southerly waves and a regularly maintained 
navigation channel extends into the deeper region of Moreton Bay. Today in 2019 the 
estuary is mesotidal.   
2.3 Geological history 
The following introduction to the geological history of the Brisbane region was derived from 
the reasonably consistent information documented in Beckmann and Stevens (1978), 
Sargent (1978), Stevens (1990) and Willmott et al. (2012). The oldest rocks in the Brisbane 
Estuary’s catchment were originally formed from marine sands and clays dating back to the 
Devonian-Carboniferous era (420-300 Ma), when there existed a single supercontinent 
Pangaea. Afterwards many new rocks were formed and transformed, including coal in the 
Triassic - Jurassic (250 – 150 Ma) and basalts in the Oligocene (34 – 23 Ma). This 
respectively indicates the existence of sluggish peat swamps and active volcanism. From 
the beginning of the Miocene (23 Ma), the rocks of the region weathered, leached and 
eroded to form deep soil profiles and deposits in fluvial plains and streams. The exposed 
volcanic plugs of the Glass House Mountains indicate the extent of the erosion following the 
volcanism of the Oigocene. The mountains were originally bodies of molten rock that 
penetrated into other rocks and solidified beneath the surface. The rock was then 
progressively exposed during the ~25 million years of erosion that followed. An excellent 
graphical depiction of the 200+ m of erosion surrounding the exposed volcanic plugs exists 
in Willmot (2007, p. 47). 
Upstream of the estuary, the Brisbane River flows in a north north-west to south south-east 
direction along the west of the D’Aguilar Range. A mountain range consisting of the 
previously mentioned ancient marine deposits uplifted during the late Permian 
(300 – 250 Ma). By the late Triassic (250 - 200 Ma) the Brisbane River was able to turn to 
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the north-east through a major fault passing to the south of the D’Aguilar range. Thus, an 
ancient river may well have followed a similar path to that of the Brisbane Estuary today. 
Due to its numerous meanders, the Brisbane Estuary in its current form, most likely 
originated on a gently inclining plane. When the sea level dropped with the various 
glaciations of the Quaternary (2.6 Ma – present), the last of which ended 7 ka, the river bed 
eroded into the underlying rock. The Brisbane Estuary bed has been eroded down to at least 
45 m below present sea level in places, with this down cutting potentially having occurred in 
more than one stage.  During these periods of low sea levels, it is possible that the rocky 
bars at St Lucia and Seventeen Mile Rocks formed rapids and water falls and the bends of 
Kangaroo Point formed impressive steep narrow gorges. 
When the sea level rose during the interglacial events, fluvial and marine sediment was 
deposited in the Brisbane River valley. The extent of the deposits are also the result of 
climatic changes, with deposits indicating wetter conditions than those of today. Fluvial 
deposits indicate that the sea level did not exceed the present level by more than 6m 
(Beckmann & Stevens, 1978).  
2.4 Indigenous Australian history 
The following information was provided by John Hanley and Ted Starr, (personal 
communication, December 2017). The ~5,000 Chepara Yugarapul Aboriginal people did not 
have, or require, a name for the Brisbane Estuary. They did, however, have names for the 
crossing points and places adjacent and near the estuary. Aboriginal people crossed the 
estuary at chest height at places, sometimes wearing grass skirts to ward off bull sharks. 
They did not, however, cross at night due to the spirits which quite possibly represented the 
dangers posed by bull sharks. Aboriginal people did not need to go up and down the estuary. 
Mt Stanley, at the head of the Brisbane River, was considered a place of spiritual 
significance. 
The following is derived from information provided in Hall (1990). The Aboriginal population 
of the Moreton Bay region prior to European settlement is estimated at over 5,000 which 
was high in comparison to most other regions in Australia. The oldest archaeological deposit 
dates back 22,000 years, although Aboriginal people may have lived in the region for 
significantly longer. Aboriginal people frequently burned the land which likely resulted in 
increased erosion. The increasing silt deposits in the Brisbane Estuary and Moreton Bay 
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may have increased the natural productivity of the system and subsequently influenced the 
lives of those living in the region. 
2.5 European history 
Exploration 
Unless otherwise cited, the following is derived from information provided in McLeod (1990). 
In 1770 James Cook sailed passed Cape Moreton and looked into Moreton Bay without 
venturing in. Some on board suspected there to be a large river somewhere but these 
suspicions were not resounding enough to warrant further exploration. 
Lieutenant Matthew Flinders, John Bingle and William Edwardson subsequently and 
separately visited Moreton Bay, yet none discovered the Brisbane Estuary despite making 
it to the Redland Bay area. In 1823, Lieutenant John Oxley, the Surveyor-General of New 
South Wales was sent by Governor Thomas Brisbane to survey possible sites for a convict 
settlement. Oxley found Thomas Pamphlett, Richard Parsons and John Finigan on Bribie 
Island camping with the local Aboriginal people. These three men and another, who had 
subsequently died, had been caught in a gale off Sydney and were beached on Moreton 
Island. In their subsequent wanderings, as they tried to find a way back to Sydney, they 
stumbled across the Brisbane Estuary. They travelled upstream as far as Oxley Creek 
before following the estuary downstream on the north shore until they reached Moreton Bay. 
On Tuesday 2nd December 1823, Oxley together with Pamphlett and Parsons, boat and 
crew, rowed up the estuary as far as Goodna (64 km upstream). On 4th December, on his 
return down the estuary Oxley named it the Brisbane River, in honour of the Governor of 
New South Wales, to whom he later recommended the site for settlement. 
Following the first expedition up the Brisbane River, Oxley was of the opinion that the river 
extended far inland. On the second expedition up the river in September 1824, his and his 
fellow explorer Allan Cunningham’s hopes were dashed when they encountered the rapids 
at Moggill, only 10 km upstream of the limit on the first voyage. Cunningham wrote in his 
journal on the 21 September 1824 of how disappointed they were when they discovered the 
navigable reaches of the estuary did not extend far inland.  
“However great the disappointment of our hopes of this river, particularly in the limits 
of its navigable capabilities, by the existence of those extensive beds of gravelly 
deposits to which we have adverted and which had, in my mind, induced the partial 
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conclusion of a mountainous source by no means distant, rather than a river from 
distant internal muddy morasses,” (Steele, 1972, p. 164). 
European development of the region was slow whilst the area was open only to convicts, 
military guard and government officials. In 1842 free settlers were permitted entry and 
development accelerated. By 1850 a Scottish surveyor by the name of William Pettigrew 
had been engaged in works along the Brisbane River and noted that in parts the ground was 
eaten bare by sheep and erosion was becoming evident. 
The estuary prior to European modification 
Unless otherwise cited, the following is derived from the journals of John Oxley and Allan 
Cunningham in Steele (1972). 
On the first voyage in December 1823, the Brisbane Estuary was significantly fresher, less 
saline, than on the second voyage during September 1824. On the first voyage, the water 
was nearly fresh just downstream of where the Story Bridge currently stands (22 km 
upstream). On the second voyage the water was still brackish at Seventeen Mile Rocks 
(47 km upstream). The variation in the salinity is consistent with what is observed at present 
in response to rainfall (§4.15). 
In 1824 the tidal range was noted at 4.5 feet (~1.4 m) around Mt Ommaney (54 km 
upstream) by Cunningham and 3 feet (~1 m) at the junction with the Bremer River (73 km 
upstream) by Oxley. If the range noted by the explorers was the spring tidal range, then the 
tide range has increased significantly, with the largest spring tide range at present exceeding 
2.5 m. The most significant drivers of the increase in the tidal range in the upper reaches of 
the estuary are likely the dredging of the estuary mouth for navigability (Figure 2-2), and the 
blasting of rocks at Seventeen Mile Rocks, also for navigability (Figure 4-35a). 
The “shores” of the estuary were noted as “muddy” at Long Pocket (36 km upstream) and 
the “banks” from Seventeen Mile Rocks to Jindalee (47-52 km upstream) noted as being too 
steep or too “muddy” for landing ashore. Muddy banks were again mentioned around Mt 
Ommaney (54 km upstream) when Cunningham was noting the abundance of Crinum plants 
in the intertidal zone (§5.6). Thus, lengths of the estuary for which the intertidal zone was 
muddy did exist, although it is unlikely they were as extensive as they are in 2018. 
The only readily available reference to the turbidity of the Brisbane Estuary prior to European 
settlement, was when Oxley noted the water to be “very muddy” at Long Pocket (36 km 
upstream) during the first expedition. The estuary was mostly fresh during this period which 
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was likely due to recent rainfall. Such rainfall may have introduced sediment into the estuary, 
temporarily increasing the turbidity. It is also possible that the turbidity was distributed along 
the estuary with a maximum around Long Pocket, thus the “very muddy” appearance of the 
water may have been relative to the appearance of the water throughout the remainder of 
the estuary. In 2018 the estuary is relatively more turbid around Westlake, upstream of Long 
Pocket (§4.17). 
Physical modifications to the estuary 
Unless otherwise cited, the following is derived from information provided in Dobson (1990). 
The Brisbane Estuary has been substantially modified since European settlement (Figure 
2-2). Originally the mouth of the estuary was wide, shallow and vegetated to a large extent 
by mangroves. The water was only 1.2 m deep at low tide, which prevented sizable vessels 
passage to the deeper waters within the estuary. Such vessels were required to anchor in 
the bay where they were serviced by small vessels. Such smaller vessels often could not 
operate due to prohibitively energetic winds. Upstream of the delta were various sandy 
shoals and rocky bars which made navigation even in smaller vessels difficult. 
In 1862 the steam bucket ladder dredge, Lytton, arrived and began to cut a channel across 
the bar – the Francis Channel to 3.1 m. This provided passage to larger vessels up until the 
Eagle Farm flats and a rocky bar of 2.2 m. A new straighter channel, known today as the 
Old Bar Cutting, was cut to 4.5 m in 1886 and gradually deepened to 6.0 m by 1900. Due to 
siltation problems another channel was cut, the New Bar Cutting, which achieved a rated 
depth of 7.1 m in 1912. Thereafter the New Bar Cutting has been progressively deepened 
and widened. In 1965 it was 11.6 m deep and in 2018 its declared depth was 14 m, with a 
width of 180 m. 
Between 1901 and 1920, the tight river bends at Gardens, Kangaroo, Kinellan and Bulimba 
points were all cut back to ‘improve river flow’ and reduce navigational risks. Sections of 
Parker Island were also cut back in 1941. In total, 55 acres of land was removed during this 
period (1901-1920).  
Training walls, built from rock (Brisbane Tuff) obtained from the Kangaroo Point quarry were 
constructed on both sides of the estuary to promote scour and thus reduce the dredging 
efforts required to alleviate siltation, especially during floods. The walls had been 
constructed by 1965.  
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Quantification of the amount of dredged material removed between the Bar Cutting and 
Victoria Bridge is difficult as the units used to measure the material has varied over time and 
the material being dredged can show great variability in its properties. It is estimated that 
~140 x 106 m3 was dredged between 1860 and 1990, ~30 x 106 m3 to form the navigation 
channels, ~20 x 106 m3 removed from the points and ~90 x 106 m3 to maintain the declared 
depths (Dobson, 1990, p. 209). Over this period, 32 dredgers performed these works. The 
dredgers were operated by Harbours and Marines, now Port of Brisbane, and do not include 
those used for sand and gravel extraction. In 2018 the estuary is maintained to at least 9 m 
below low tide level as far upstream as Hamilton. 
 
  
Figure 2-2. Comparison of the length of the Brisbane Estuary from Moreton Bay to the Brisbane Central 
Business District (CBD) from pre-European settlement (upper) to 2018 (lower). The upper image was derived 
from the diagrams provided in Dobson (1990). The lower image was derived from Charts AUS237 and AUS238 
from the Australian Hydrographic Service (2000 & 2006).   
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Exploitation of sand and gravel resources 
Unless otherwise cited, the following is derived from information provided in O'Flynn and 
Thornton (1990). 
Sand and gravel was extracted as a resource from the Brisbane Estuary from around 1900. 
Extraction dramatically increased following World War Two as urbanisation increased and 
concrete became the preferred building material. Dredging for sand and gravel as a resource 
had ceased by 31 December 1998 (Jakku, 2004). 
The volumes of sand and gravel resources extracted were undeclared until the mid 1970’s, 
when public concerns were raised regarding bank stability and the noise generated by 
dredging craft. Subsequently, the industry came under scrutiny from the government and 
was lightly regulated. As of 1990, when the annual dredging volume was around 3.5 times 
smaller than in the mid 1970’s, there were 13 barges and one trailing suction dredge 
operating in the estuary, with eight companies sharing an interest in these resources. It is 
possible the volumes extracted prior to the mid 70’s were underestimated (O'Flynn & 
Thornton, 1990) (Figure 2-3). 
 
Figure 2-3. Annual and cumulative volumes of sand and gravel resources extracted from the Brisbane
Estuary. Values, including the estimate of the cumulative production by 1970, are courtesy O'Flynn & 
Thornton (1990). 
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2.6 Was the estuary ever clear? RQ1 answered 
Swimming in the Brisbane Estuary was far more common in the past, with a selection of the 
accounts from those swimmers provided below (Stock & Neller, 1990, p. 49). The distances 
upstream from the mouth of the estuary are provided, so the historical accounts can be 
compared to recent measurements (Figure 1-4). If making comparisons between the 
historical accounts of swimmers and recent measurements, it should be noted that the 
depths at which swimmers can locate small objects is not a measure directly comparable to 
secchi disk depth measurements, which are a measure of how far an object can be 
submerged and still be discernible from the surface.  
New Farm (20 km upstream) to Bremer Junction (72 km) / 1920s  
“… the water was very clear.  I clearly recall diving for beer bottles and seeing them 
without difficulty on the bottom” 
Dutton Park (30 km upstream) / 1930s  
“… water was that clear that we used to have a competition… to find the penny first in 
amongst the nice clean boulders… diving down about 10 feet (3 m)” 
Mouth of Bulimba Creek (6 km upstream) / from 1930s  
“I remember a fellow… lost his false teeth. The water was clear enough that we could 
still find his teeth on the bottom at 15 feet (4.5 m)” 
It is unlikely that such feats could have been achieved in 2018, even during the periods when 
the estuary was at its clearest. Thus, despite the lack of colour photographs and 
measurements, it is considered likely that historically the estuary was significantly clearer 
and appearing less brown. 
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3 Measurement techniques 
3.1 Overview 
Existing measurements have been utilised extensively in this thesis to develop an 
understanding of the physical attributes of the Brisbane Estuary. Additional measurements 
were required to develop a thorough understanding of the intertidal zone and its relevance 
to the turbidity. The measurements are summarised in Table 3-1, with the respective periods 
over which data was collected depicted with a chart (Figure 3-1). The locations for which 
existing measurements were collected are depicted in Figure 3-2 and for those collected 
during this thesis in Figure 3-3. All observations and experiments regarding intertidal 
vegetation are detailed in Chapter 5. 
The methods applied in the collection of the measurements are presented in this chapter. 
The measurements are presented when the physical attributes of the estuary are developed 
in Chapter 4 and when developing the process based numerical model in Chapter 6. The 
measurements of secondary importance are presented in the appendices. As 
comprehensive turbidity measurements already existed (Howes, 2002; POB; HLW, 2016), 
it was not necessary to collect additional turbidity measurements for this thesis. 
 
 
 
Figure 3-1. Plot depicting the periods over which the 3rd party data utilised in this thesis (blue) and the data 
collected specifically for this thesis (brown) were collected. The information is also provided in Table 3-1. The 
data set of SSC and turbidity collected from 1974 is not plotted. 
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Table 3-1. Summary of measurements used in this thesis 
Custodian Parameter Location Frequency Span 
Howes 
(2002) Turbidity, salinity Indooroopilly 15 minutes 
Oct-2000 
Nov-2001 
POB Turbidity, salinity 
Estuary mouth, 
Indooroopilly, 
Bremer junction 
30 minutes 
Oct-2001 
Jan-2005 
HLW (2016) 
Turbidity, salinity, 
temperature, secchi 
disk, chlorophyll-a   
Estuary mouth to 
tidal limit Monthly 
2000 
2015 incl. 
HLW (2016) SSC, turbidity Throughout Estuary Approx. Monthly 
Mar-1974 
Mar-2011 
BOM Wind, rainfall, air temperature Archerfield airport various  
2001 
2015 incl. 
QLD GOV Stream flow Savages Crossing Daily ave. 
2000 
2018 incl. 
TMR, v3.1 Water level Estuary mouth 10 min 
2000 
2015 incl. 
Seqwater & 
BOM Water level Centenary bridge 5 min 
Jul-2018 
Aug-2018 
Remo Cossu, 
UQ Currents Long Pocket 5 min 
Nov-2017 
Dec-2017 
This thesis 
Suspended 
sediment and 
organics 
Centenary bridge to 
Site 1 sporadic 
13,15,17 
Jun-2016 
 Bathymetry Site 1 Monthly 
Aug-2017 
Sep-2018 
“” Mud, water & organics content “” “” “” 
“” Mud, strength “” “” “” 
“” Wave shield experiment “” “” 
Jan-2018 
Sep-2018 
“” Velocity & turbidity transects “” 20 minutes 5-Dec-2017 
“” Photograph Diary Site 1, Site 2, St Lucia “” 
Apr-2017 
Sep-2018 
“” Subtidal sediment sampling 
Adjacent Site 1 to 
tidal limit One off 3-Sep-2018 
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3.2 Existing measurements 
Measurements collected from moored data buoys have been used extensively in this thesis 
(Howes, 2002; POB). The measurements were collected using an instrument, capable of 
measuring turbidity and salinity, attached to the underside of an anchored buoy. The 
measurements are collected at high frequency at a fixed depth near the surface. The 
location of the three data buoys are provided (Figure 3-2). 
Monthly profile measurements collected throughout the estuary have also been used 
extensively in this thesis (HLW, 2016). The measurements were collected by lowering an 
instrument, capable of measuring various water quality parameters, throughout the water 
column. A profile was performed at 16 locations along the estuary, every month, from a boat 
travelling upstream during the ebbing tide. The location of the profiles with the respective 
distances upstream are provided (Figure 3-2). 
 
 
 
Figure 3-2. Locations where the existing measurements utilised in this study were collected. Photograph 
courtesy Nearmap. 
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3.3 Selection of field sites for this thesis 
Few locations along the Brisbane Estuary provide ideal sites for performing the required 
experiments. Firstly, for 30 km from the estuary’s mouth, rock walls have been placed, 
constricting the flow and limiting the formation of a muddy intertidal zone. Further upstream, 
where mud accumulates on the intertidal zone, the banks which constrain the flood flows 
are often prohibitively high, steep and densely vegetated that access with the required 
equipment is not safely possible. Furthermore, the region above mean water level is often 
vegetated with thick stands of mangroves which complicates access to the exposed mud 
and impedes bathymetric surveys. Finally, access is often complicated as the land adjacent 
the intertidal zone is privately owned. 
The Jindalee Boat Ramp Park is an exceptional location for collecting measurements over 
the intertidal zone on the estuary. A gentle slope of mowed grass allows relatively easy 
access and the mangroves have not yet re-established following the 2011 flood. Thus, 
bathymetric surveys of the entire intertidal zone can be performed with relative ease. The 
location, referred to as Site 1, is 52 km from the estuary’s mouth (Figure 3-3). 
 
Figure 3-3. Locations of where measurements were collected during this study. St Lucia is 30 km upstream 
and Site 1 and 2, 52 and 51 km upstream respectively. Photograph courtesy Nearmap. 
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The intertidal zone at Site 1 consists of three distinct regions: B. monnieri meadow: exposed 
mud and; slime (Figure 3-4). The physical differences and similarities between the mud and 
slime are detailed in §4.12. The term slime is a commonly used term in the field of 
geotechnical engineering (Shamsai et al., 2007; Garga & McKay, 1984 and Ishihara et al., 
1980). Mean Water Level (MWL) at Site 1 is ~0.2 m above that at the estuary mouth or the 
Australian Height Datum (AHD). It is recognised that the water level averaged over weeks 
to months will vary temporally slightly with respect to AHD as the longitudinal salinity 
distribution within the estuary varies. 
 
 
A second site (Site 2) was selected around 1 km downstream of Site 1 on the south bank of 
a stretch of estuary orientated east-west (Figure 3-3). As Site 1 is situated on a stretch 
Figure 3-4. Photograph facing upstream at Site 1, Jindalee (52 km upstream) at low tide. Elevations are 
referenced to MWL. The cross shore distance from the upper extent of the B. monnieri to the water line is 
~22 m. The structure consisting of a series of pipes crossing the intertidal zone ~40 m from where the 
photograph is taken is a water level gauge. Photograph taken 14/09/2017. 
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orientated north-south, the respective intertidal zones would likely respond differently to 
different wind events. Furthermore, mangroves are well established and continuing to 
colonise Site 2. 
A photograph diary was maintained of Site 2 where the relatively difficult access hindered 
the transport of more sophisticated field equipment (Figure 3-5). Survey pins were not 
deployed as they would likely be struck by debris. Instead the vegetation formed the 
reference, indicating erosion or deposition. 
 
 
3.4 Traversing the exposed mud and slime 
Collecting measurements over the intertidal zone poses numerous challenges regarding the 
safety and efficiency of the researchers and the minimisation of disturbances to the mud. 
Thus a system of interlocking plywood boards was developed (Figure 3-6 & Figure 3-7). The 
boards interlocked in a manner so they were placed one atop the other when progressing 
Figure 3-5. Ms Johnson climbing the river bank following an expedition to Site 2, Jindalee (51 km upstream).  
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out towards the low tide limit. The boards were of a size small enough that the weight to 
carry during deployment and retrieval was not excessive, even when muddy. The boards 
were large and stable enough that the mud was not disturbed more than 0.2 m from the 
edges of the boards. Thus, samples of the undisturbed mud could be collected monthly 
provided care was taken to ensure the boards were lain out over the same line. 
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Figure 3-6. Sketch of two plywood boards used to access Site 1. Up to 20 boards are used to traverse the 
intertidal zone. The boards were connected using wooden stakes which also prevented the boards from sliding 
into the estuary. The bracing provided stiffness, grip and reduced the amount of mud spilling onto the boards. 
Figure 3-7. Mr Lulla posing at the shoreline whilst retrieving a wooden board following the placement of a line 
of plants across the exposed mud and slime during low tide at Site 1. Flowering C. Pedunculatum in 
foreground. Photograph taken 19/11/2017. 
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3.5 Near-bed velocity & turbidity measurements over the intertidal zone 
The near-bed currents, salinity and turbidity were measured across the intertidal zone at 
Site 1. The measurements were used to characterise the conditions prevailing over the 
intertidal zone, especially with regard to the erosion of intertidal sediment. 
The measurements were collected continuously across the intertidal zone approximately 
10 cm above the bed. Transects were performed approximately every 20 minutes from the 
morning low tide to the following evening low tide during a large spring tide. 
The currents were measured using a Nortek Vector Acoustic Doppler Velocimeter (ADV), 
deployed without direct communication with a computer. The turbidity was measured using 
a Campbell Scientific OBS-3+ Optical Backscatter Sensor (OBS), connected to the ADV. 
The salinity was measured with an AquiStar CT2X Conductivity, Temperature and Depth 
logger (CTD) operating independently. The state of the tide was measured using a pressure 
transducer located below the low water mark. 
The ADV, OBS and CTD were mounted together and pulled across the intertidal zone using 
a system similar to how sails are lowered and raised on sailing vessels. The instrumentation 
was mounted on a car consisting of two Ronstan 14 mm ball bearing travellers which 
travelled along the corresponding Ronstan track. The track was mounted to PVC pipes 
arranged in a pile and span system (Figure 3-8 & Figure 3-9). The spans were deployed 
using wooden boards (§3.4) and the instrumentation pulled across the intertidal zone via a 
loop of rope from the shore. When the direction of the tidal currents changed, the orientation 
of the instrumentation was changed so the ADV was always facing into the flow. 
The current and turbidity measurements are presented in §4.12, with the salinity 
measurements presented in §A.1. 
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Figure 3-8. Dr Callaghan (big fella), Mr Le Pevedic (in shorts) & Mr Nielsen (the writer) preparing to deploy the 
transecting system having lain out the lengths of PVC pipe and track. The pipe lengths running from left to 
right where pushed down into the mud to act as piles. The 3 m lengths of pipe running into the page supported 
the track on which the traveller cars and instrumentation were mounted. Photograph taken 04/12/2017. 
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3.6 Bathymetry surveys of the intertidal zone 
Numerous methods exist to determine the temporal bed elevation variations across intertidal 
zones at various timescales. These include; marker horizons, buried plates, survey pins, 
theodolites, survey levelling and more recently acoustic and laser systems. These 
techniques are described, together with examples of their implementation in other estuaries, 
in §A.10.  
The elevation of the intertidal bed at Site 1 was measured using a survey level, staff and 
measuring tape (Figure 3-10). Two wooden stakes marked the start and end of the survey 
line to maintain consistency between surveys. The wooden boards used to access the site 
were always lain over the same line to avoid disturbing the mud which was surveyed. 
Surveys were performed at least monthly to measure variations in the elevation across the 
intertidal zone possibly related to the annual turbidity cycle. 
Figure 3-9. Photograph of the deployed transecting system towards the end of the afternoon ebb tide. The 
traveller car and instrumentation were pulled via a rope to shore well above the water surface for this illustrative 
photograph, otherwise it would remain submerged. Photograph taken from the B. monnieri meadow facing the 
channel. Photograph taken 05/12/2017. 
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The vertical range surveyed was less than the spring tidal range of ~2.5 m. The surveys 
approached the lower limit of the intertidal zone but not the upper limit. The upper limit of 
the survey extended to the upper limit of the B. monnieri, which is growing in mud. Above 
the B. monnieri the vegetation transitions to Lomandra, Callistemon, Melaleuca and 
Casuarina which was sufficiently dense to prevent the continuation of the survey. 
Prior to the 01/11/2017 survey there were insufficient wooden boards to access the intertidal 
zone down to the spring low water limit. Subsequently the volumes derived for the three 
regions of the intertidal zone; B. monnieri, exposed mud and slime are calculated between 
0-5.2, 5.2-8.2 & 8.2-13.9 m respectively for the 12 month’s worth of measurements. Once 
the boards were available the volumes derived were calculated from between 0-5.2, 5.2-8.2 
& 8.2-18.4 m.  
The bathymetric survey measurements are presented in §4.12 and are used to develop 
arguments in §4.17, §5.5, §6.9, §6.10, and §6.14. 
Figure 3-10. Mr Hu assisting with the bathymetric survey of the intertidal zone during low tide at Site 1. 
Photograph taken 26/04/2018. 
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3.7 Mudflat water content 
Measurements providing insights into the temporal variation of the water content of the 
intertidal sediment on the Brisbane Estuary were collected over twelve months from August 
2017 to October 2018. Ten evenly spaced samples were collected from both the exposed 
mud and slime regions of the intertidal zone, between 6-7 m and 12-13 m from start of the 
survey transect respectively. The water content is defined in this thesis as 
wet dry
water
dry
m m
m


      (1) 
where mwet is the mass of the sample and mdry is the mass following oven drying. Samples 
were dried in an oven at 65 °C for at least 90 hours. Increasing the drying time from 90 to 
150 hours reduced the derived water contents by 0.01. To provide insights into the variability 
between individual samples, the ten samples were tested individually for the first six field 
trips. For the following measurements the ten samples were combined prior to analysis. 
Samples were collected from the upper 40 mm with a 30 mm diameter syringe. Samples 
collected from a shallower depth would likely have been increasingly affected by the duration 
for which the mud or slime was exposed prior to sampling, and the prevailing atmospheric 
conditions during this period. Sampling over a shallower depth also increases the relative 
error of the sampling depth, which was of the order 5 mm. Samples collected from 
progressively deeper depths would likely show progressively less variation. Samples were 
collected once or twice a month, with the selected sampling depth proving suitable for 
providing insights into the variation in water content between months over an annual cycle. 
To test the effect of desiccation and drainage on the water content of the 40 mm deep 
samples, two closely spaced sets of ten samples were collected from the exposed mud 
region. The second set was collected 2 hours after the first. The water content of the first 
set was 1.47 and the second 1.43. This discrepancy is less than the variation between the 
10 samples and generally less than the monthly variation. The various measurements 
conducted in each field trip were conducted in a set order thus minimising the variation in 
the time of exposure between months. Measurements were never collected during rainfall. 
Disturbances to the mud from the sampling were equivalent to the animal footprints 
frequently observed and were completely absent during the following field trips (Figure 3-11). 
Additional sampling was performed to demonstrate the properties of the mud were not 
progressively changing due to the repeated disturbance of the mud due to sampling (§A.11).  
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The dry density of the sediment in the exposed mud and slime were roughly estimated based 
on the volume of the samples collected by the syringe. The estimates generally range 
between 450-650 kg/m3. 
The water content measurements are presented in §A.12 and used to develop arguments 
in §4.12, §4.17, §6.3, and §6.8. 
 
 
3.8 Mudflat organics content 
The organics content is defined in this thesis as 
dry burnt
organics
burnt
m m
m


     (2) 
where mdry is the mass of the sample following derivation of the water content and mburnt is 
the mass following 24 hours at 550°C. 
Figure 3-11. Photograph taken looking shoreward at Site 1. Markings in the mud to the left of the measuring 
tape were made when collecting mud samples and performing the strength testing (§ 3.9). The sampling 
related disturbances are equivalent to the deer or pig footprints which are often observed in the mud. 
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The impact the sampling had on the properties of the organics content of the mud was tested 
via the same procedure as for the water content (§A.11). There proved to be no discernible 
impact. As for the water content, the 10 samples were initially tested individually to provide 
insights into the variability between samples. 
The organics content measurements are presented in §A.12 and used to develop arguments 
in §4.12 and §4.14. 
3.9 Strength of surface sediment in intertidal zone 
Measurements providing insights into the temporal variation of the strength, or resistance to 
erosion, of the intertidal sediment on the Brisbane Estuary were collected over twelve 
months from August 2017 to October 2018. The measurements were collected across the 
intertidal zone at Site 1. 
Numerous systems have been developed to investigate the erosive properties of in situ or 
essentially undisturbed beds of fine sediment (silt and clay). Such systems include; eroding 
sediment from a core sample via propeller induced turbulence (Schünemann and Kühl, 
1993), eroding sediment from a core sample via channel flow (Le Hir et al., 2008; Roberts 
et al., 2003), eroding in situ sediment via channel flow (Houwing, 1999) and eroding in situ 
sediment with an impinging jet (Tolhurst et al., 1999). The vane shear test has previously 
been applied to determine the spatial and temporal variation of the bed strength over an 
intertidal zone (Amos et al., 1988). The vane shear test involves pushing the vane below the 
surface of the sediment a specified distance related to the vane size. Thus the technique, 
whilst relatively easy to perform, does not measure the properties of the surface sediment. 
For this thesis, determining parameters such as the critical bed shear stress for erosion was 
not the objective. Rather it was to determine the temporal variation of an indicative 
parameter which could be relatively quickly derived in situ across the intertidal zone. The 
measurements were required to be performed relatively quickly in order to allow time for the 
bathymetry survey and the collection of other measurements during the same low tide.  
The system developed consists of a steel cone and rode supported with a gimbal to ensure 
a vertical drop (Figure 3-12). The cone is held at the surface of the bed and released. The 
distance the cone falls after 5 seconds is recorded. Measurements were typically collected 
at 0.5-1 m spacing across the intertidal zone. 
The strength measurements are presented in §4.17 and used to develop arguments in §4.12. 
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3.10 Wave shield 
A structure designed to intercept waves was built along a 15 m length of the intertidal zone 
at Site 1 and the bathymetric response behind the structure measured. The experiment 
tested the significance of the waves as a driver of variations in the intertidal bathymetry. 
Roofing steel was pressed into the slime in a 15 m line at around -0.25 m MWL to form a 
wave shield (Figure 3-13). Three graduated PVC pipes were pressed into the slime, the 
interface between the slime and exposed mud and the exposed mud (Figure 3-14). Marker 
buoys were deployed to indicate the often submerged navigational hazard. 
Observations regarding the increased establishment of intertidal vegetation behind the wave 
shield are presented in §5.4, with measurements regarding the changes in bathymetry 
behind the wave shield presented in §6.9. 
Figure 3-12. Mr Nielsen (the writer) using the cone drop apparatus to provide insights into the temporal and 
spatial variation in the strength of the intertidal bed at Site 1. 
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Figure 3-13. Mr Nielsen (the writer) kneeling on a body board whilst building a wave shield in the slime at Site 
1 from panels of roofing steel. Photograph taken looking upstream with the channel on the right on 30/01/2018
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3.11 Suspended sediment and organics content 
Measurements providing insights into the relative contribution to the Suspended Solids 
Concentration (SSC) within the Brisbane Estuary by mineral sediment and organic material 
were collected. Water samples were collected from various depths over three days during a 
spring tide in June 2016. The water samples were collected from a vessel along the length 
of estuary upstream from the Centenary bridge to the southward bend (Figure 3-2). 
Samples were filtered, dried at 65°C, and then burnt at 550°C in order to derive the mineral 
sediment and organic contents. Results are presented in §A.13. 
Figure 3-14. Photograph taken from the shore facing the channel. The wave shield is blocking boat waves at 
the time of the photograph. The three graduated PVC pipes were used to measure the bathymetric response. 
The density of Aegiceras (River mangrove) seedlings was significantly higher behind the shield than at 
equivalent elevations beyond the protection afforded by the shield. Photograph taken 26/04/2018. 
40 
 
3.12 Summary 
An extensive set of existing measurements collected from the Brisbane Estuary are utilised 
in this thesis. To complement the existing measurements, an extensive set of measurements 
were collected, mostly from the intertidal zone, during this thesis. The measurements are 
used to describe the physical attributes of the Brisbane Estuary in Chapter 4 and to 
complement the numerical modelling used to determine the drivers of the turbidity cycle in 
Chapter 6.  
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4 Physical attributes of the Brisbane Estuary 
4.1 Overview 
The physical attributes of the Brisbane Estuary are described in this chapter: wind; rainfall; 
air temperature; water temperature; the catchment; freshwater inflows; flood sediments; tide; 
velocity profiles; the sub and intertidal zones; organic matter in suspension and the bed; 
salinity; estuarine mixing; and turbidity. The numerous potential processes, such as 
sediment inputs from the catchment or from Moreton Bay, which could feasibly be significant 
drivers of the annual turbidity cycle, are also addressed (§4.17). It is demonstrated that the 
significance of many of the respective processes to act as drivers of the annual turbidity 
cycle throughout most of the estuary is limited. The dominant processes responsible for 
driving the annual turbidity cycle are developed with the aid of process-based numerical 
models in Chapter 6. 
4.2 Wind 
From May to September, the fastest winds over the Brisbane Estuary are generally from the 
west. From October to December, the fastest winds are generally from the north east and 
from January to April, from the south east (Figure 4-1). Considering winds from all directions, 
there exists an annual cycle in the wind speed. From May to August, there are consistently 
longer periods of calm conditions (wind speed < 2 m/s), often doubling those for November 
to March (Figure 4-2a). From September to March, there are consistently longer periods of 
energetic conditions (wind speed > 6 m/s). Occasionally energetic winds from the west will 
prevail for extended periods such as they did in June-July 2007 (Figure 4-2b). In Chapter 6 
it will be demonstrated that the annual cycle in wind speed drives the annual cycle in the 
turbidity. 
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Figure 4-1. Wind Roses of 30 minute wind speeds measured at Archerfield airport (Figure 3-2) from 2001-
2015. Measurements courtesy Bureau of Meteorology, (BOM) 
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a) 
b) 
Figure 4-2. Fraction of preceding 30 days where 30 minute wind speeds were (a) below 2 m/s and (b) above 
6 m/s at Archerfield airport (Figure 3-2) from 2001-2015. 2001 (brown), 2002-2014 (green), 2015 (blue). 
Measurements courtesy BOM. 
 
4.3 Rainfall 
Generally, the highest monthly rainfall over the estuary occurs from November to March with 
the lowest monthly rainfall occurring from July to September. From 2001-2015 there have 
been instances where no monthly rainfall was recorded, even for the summer months 
(Figure 4-3).  
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The rainfall generally decreases towards the upper catchment, with a median annual rainfall 
from 2000-2015 measured at Archerfield (152.99o, -27.57o) of 918 mm and at Esk (152.42o, 
-27.24 o) of 844 mm. In January 2011 however, when there was widespread flooding, the 
monthly rainfalls were generally higher in the upper catchment, with 269 mm and 479 mm 
falling over Archerfield and Esk respectively. 
 
 
4.4 Air temperature 
The median monthly air temperature over the Brisbane Estuary varies gradually, with 
January generally being the warmest month and July the coolest. The temperature range 
within the respective months is generally slightly larger in the cooler months than for the 
warmer months (Figure 4-4).  
 
4.5 Water temperature 
The water temperature within the Brisbane Estuary follows the same annual cycle as the air 
temperature with only a very slight lag, with the minimum median temperature occurring in 
July and the maximum in February (Figure 4-4). Averaging the water temperatures over the 
Figure 4-3. Monthly median rainfall measured at Archerfield airport (Figure 3-2) from 2000-2015. Rainfall is 
indicative of that which falls over the estuary. Maximum whisker length is 1.5 times the interquartile range. 
Measurements courtesy BOM. 
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near-bed or near-surface does not significantly alter the plot, nor does extracting 
measurements from the lower, upper or mid estuary. 
A study into the energy budget of the estuary, similar to that in Evans et al. (1998), would 
be highly interesting and hopefully answer why the median water temperatures are higher 
than the median air temperatures. Such a study is considered beyond the scope of this 
thesis however, which is targeted at investigating processes which drive, and which could 
be considered to potentially drive, the turbidity cycle within the Brisbane Estuary. 
 
 
 
   
Figure 4-4. Boxplot of air temperature (blue) measured at Archerfield airport (Figure 3-2) and depth average 
water temperature (Brown), from 2001-2015. Maximum whisker length is 1.5 times the interquartile range, 
values beyond are not plotted. Measurements courtesy BOM and Healthy Land & Water, HLW (2016). 
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4.6 The catchment 
The catchment of the Brisbane Estuary covers 13,800 km2, inclusive of water storages, with 
67 % devoted to agriculture, 23% to greenspace, 5% to urban, 3% to rural residential and 
1% to open water (Botelho, 2015). The major water storages include the Wivenhoe and 
Somerset dams, which have total storage capacities of 3.1 and 0.9 km3 (million ML) 
respectively (Seqwater, n.d. a). Refer to §4.7 for a discussion on the freshwater inflows into 
the estuary from the catchment and to §4.8 for an extended discussion on the sediment 
which flows into, and through, the estuary during floods. 
4.7 Freshwater inflows 
Historically floods through the Brisbane Estuary generally occur during the summer months, 
resulting from cyclones, monsoon and troughs. They can, and have, however occurred at 
any time of the year, often associated with East Coast lows (Syme, 2017). Following 
Queensland’s wettest December on record, which had followed Queensland’s wettest spring 
on record, the three day total rainfall from 10 to 12 January 2011 exceeded 200 mm over 
most of the Brisbane River Catchment (BOM, 2011). The rainfall resulted in the 2011 flood, 
for which the flows at the Central Business District (CBD) were equivalent to a 1 in 100 year 
event (Bill Syme, 2017). The freshwater outflows approached 5 times those of large ebbing 
tides in the lower estuary whilst exceeding 10 times those in the mid to upper estuary (Figure 
Figure 4-5. 2011 Brisbane River flood flows (Ng, 2011) with a modelled spring tide (§6.2) plotted for context. 
The location of the bridges are marked on Figure 3-2. 
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4-5). Refer to §4.8 & §4.12 for an extended discussion on the effect such flows have on the 
estuary channel. 
The summer and winter evaporation rates over Wivenhoe dam are 5 and 2 mm/day 
respectively (Helfer et al., 2012). As the combined surface area of Wivenhoe and Somerset 
dams is approximately 150 km2, approximately 9 and 3 m3/s is evaporated from the two 
major water storages upstream of the estuary during summer and winter respectively.  
The potable water used by Brisbane City is extracted at the Mt Crosby Weir, located just 
beyond the tidal limit of the Brisbane Estuary. Therefore, in order to obtain the freshwater 
inflows at the tidal limit of the estuary, the rate of extraction must be removed from the flows 
measured upstream of the weir (Figure 4-6). Brisbane City usually draws around 7 m3/s 
(Seqwater, n.d. b), which can reduce the fresh water inflows at the tidal limits to the order of 
1 m3/s, three orders of magnitude smaller than tidal flows in the lower estuary (Figure 4-9). 
Following treatment at waste water treatment plants, fresh water, in the sense of low salinity, 
is released into the estuary at several locations. 
 
 
4.8 Flood sediment 
Overview 
This section provides a discussion surrounding past estimates and the writer’s own estimate 
regarding the rather topical question as to what was the total load of fine sediment (silt and 
Figure 4-6. Brisbane River fresh water flows (Q) at Savages Crossing located downstream of Wivenhoe dam 
and upstream of the Mt Crosby weir water treatment plant. Low flows are depicted in blue and high flows in 
brown. Measurements courtesy of (QLD ). 
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clay) exported to Moreton Bay during the 2011 flood form the Brisbane River Catchment. 
The bathymetric changes within the estuary due to the flood flows are then discussed. 
Sediment load during 2011 flood 
The various estimates for the mass of fine sediment transported into Moreton Bay during 
the 2011 flood are introduced in the following and summarised in Table 4-1. 
A study based on the depth of “unconsolidated sediment” in core samples collected from 26 
sites within Moreton Bay 21 months after the 2011 flood estimated that the volume of 
sediment imported into the bay during the flood was ~4.3 million m3 (Steven et al., 2014). 
As the flood borne sediment could have been transported beyond the area sampled and 
because there was sufficient time for the flood sediment to mix down into the sediment profile, 
it is assumed the derived mass is a lower bound estimate. Another study based on core 
samples collected 6 months after the flood estimated that ~10 million tonnes of fine sediment 
were deposited in Moreton Bay (Coates-Marnane et al., 2016). Both of these estimates also 
likely encompassed the fine sediment transported into the bay from the relatively small 
catchments to the north of the Brisbane Estuary. 
Unfortunately no measurements of the total Suspended Solids Concentration (SSC) within 
the Brisbane River channel during the 2011 flood is known to the writer. Measurements were 
collected within a built up area of the floodplain during the flood, with concentrations ranging 
from ~6 kg/m3 during rising flood waters to ~40 kg/m3 during falling waters. The sediment 
size distribution of the sonicated particles, which was likely representative of the sediment 
measured for the SSC, revealed the sediment to be mostly silt with a d50 < 30 μm and 
d90 < 90 μm (Brown et al., 2011). In previous events measurements collected during floods 
showed concentrations exceeding  3 kg/m3 (Horn et al., 1999) as cited by Brown et al. (2011). 
For context, estimates of the sediment trapped by Wivenhoe dam are included and 
discussed. Estimates for the total load of sediment captured by Wivenhoe dam during the 
2011 floods range between 1.5 and 21 million tonnes (Grinham et al., 2012). Unfortunately 
the SSC measurements for Gregor’s Creek, the most significant tributary into Wivenhoe 
dam, was incomplete with measurements only collected whilst inflows were 8 times smaller 
than at the peak. Hence the wide range in estimated values.  
A sediment export rating curve for the Brisbane River Catchment, based on measurements 
from pre and post Wivenhoe dam (Anonymous, 1979) was developed (Eyre et al., 1998). 
The cumulative flood flow (tide removed) derived from Ng (2011) between the 6 and 19 
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January 2011 approached 4 km3 (million ML), which is the upper limit of the sediment rating 
curve in Eyre et al. (1998). For the 2011 flow, the rating curve predicts a catchment sediment 
load into the estuary of 6 million tonnes. The estimated load into Moreton Bay would require 
losses due to sedimentation over the flood plain and intertidal zone to be removed, and 
sources from the lower catchment to be added. The rating curve was validated using river 
samples collected mid channel and just below the surface during the January and May 1996 
floods (Eyre et al., 1998). Thus, the mass of sediment exported, as predicted by the rating 
curve, is likely predominantly the mass of fine sediment, as sand and gravel would typically 
occur at higher concentrations towards, or within, the moving bed. 
During the 2011 flood, 4 km3 of fresh water flowed through the estuary. By adopting 1 and 
10 kg/m3 as respective lower and upper bounds of the SSC applicable during the flood, the 
export of fine sediment to Moreton Bay is estimated between 4 – 40 million tonnes. 
Considering the findings from the above studies, this estimate is refined slightly. 
Subsequently, the estimated export of fine sediment presented in this thesis is between 6 
and 30 million tonnes. 
Table 4-1. Estimated mass of fine sediment (silts and clays) transported into Moreton Bay during 2011 flood 
 Mass fine sediment [million tonnes] 
Steven et al. (2014) ~3* 
Coates-Marnane et al. (2016) ~10 
Eyre et al. (1998) ~6 
This thesis 6 - 30 
*assuming a dry density of fine sediment of 700 kg/m3 
Bathymetric changes following the 2011 flood 
Bathymetric surveys conducted before and after the 2011 flood depict deposition within the 
channel centre and erosion towards the edges in the straight sections of the estuary (Figure 
4-7). Downstream flows during the 2011 flood were at least an order of magnitude larger 
than those during ebbing spring tides in the upper estuary (Figure 4-5). Thus, during the 
peak flood flows, the area of the channel cross-section was likely scoured out and larger 
than pre-flood conditions. As the flood flows slowed, the sediment transport rate would have 
reduced in time and distance downstream, due to the increasing area of the channel cross-
section. Thus, the mobile coarse sediment (sand and gravel) would have slowed and finally 
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come to rest in the deeper sections of the channel, leaving the edges of the channel in the 
scoured state. It is expected that the scoured edges would progressively reform with finer 
sediment which the tidal currents are capable of lifting higher into the water column. 
 
4.9 Tide 
The flood tide range in the Brisbane Estuary can reach 2.7 m during spring tides and as little 
as 0.7 m during neap tides. There can also be over 50 % difference in tidal range between 
adjacent flood tides during both springs and neap tides. The largest and smallest daily tidal 
range is often attributable to flood tides (Figure 4-8). The tidal range increases with distance 
up the estuary with the spring tide range at Moggill exceeding that at the CBD by ~0.3 m. 
The high and low tides arrive at Moggill around 110 minutes after they do at the CBD. The 
longitudinal salinity and corresponding density gradient is a significant driver of the variation 
in the mean water level along the estuary, with the mean water level at Moggill generally 
around 0.1 m higher than at the CBD during months of low salinity.  
Figure 4-7. Bathymetry change 52+ km upstream in the estuary (Figure 3-2) following the 2011 flood. 
Measurements derived from pre and post 2011 flood surveys. Measurements courtesy Brisbane City Council. 
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The tidal flow through a cross-section of an estuary is a function of the surface area of the 
estuary upstream of the cross-section. Thus, as there is less volume upstream to fill on the 
flood tide or drain on the ebb tide, the tidal flows decrease with distance upstream (Figure 
4-9 a). The area of the cross-section is a function of tidal currents, past floods and sediment 
erodibility. Upstream of 55 km from the estuary mouth, the ratio between the tidal flow and 
estuarine cross-sectional area changes from that downstream and the average velocities 
decrease (Figure 4-9 b). During floods the variation in flow along the estuary is minor as the 
bulk of the inflows arrive from upstream. Thus, the channel in the upper estuary is scoured 
out to a relatively greater extent during floods and the tidal velocities are subsequently 
relatively low. 
 
 
 
 
 
 
Figure 4-8. Tide ranges derived from measured water levels at the Centenary Bridge (50 km upstream). 
Measurements courtesy Seqwater (operator of the gauge) & BOM (distributer of the data). 
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4.10 Velocity profiles 
During flood tides within the estuary, the magnitude of both the near surface and near bed 
currents are similar. During the ebb tides however, there is a marked difference between the 
near surface and near bed currents, with the greatest difference occurring during the neap 
tides (Figure 4-10). The relevant estuarine processes responsible for the vertical distribution 
of the currents are discussed in the context of estuarine mixing (§4.16). 
Figure 4-9. Modelled tidal flows (Q) and average velocities (V) over four cross-sections in the Brisbane Estuary, 
extracted from the 2D flexible mesh numerical model (§6.2). 55 km coincides with the location of the Turbidity 
Maximum (TM). The tide range was 2.4 and 2.3 m for the flood and ebb respectively. 
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4.11 Subtidal zone 
Within the Brisbane Estuary, the mass of fine sediment (silt and clay) relative to the mass of 
coarse sediment (sand and gravel) in the subtidal bed increases towards ~57 km upstream 
before progressively decreasing (Figure 4-11 & §A.7). The relevant estuarine processes 
responsible for the longitudinal distribution of fine sediment in the subtidal bed and its 
significance with regard to the formation of the Turbidity Maximum (TM) is discussed in the 
context of turbidity (§4.17). Samples of the bed sediment collected across the channel depict 
how the bed towards the edges contains significantly more fine sediment, similar to that in 
the adjacent intertidal zone (Figure 4-12 & §A.9). 
Figure 4-10. Water level (WL) and currents (V) measured using an upwards facing, bed mounted Acoustic 
Doppler Current Profiler (ADCP) at Long Pocket (35 km upstream). (Brown) ~3m above bed, (Blue) ~9m above 
bed. Measurements courtesy Remo Cossu, The University of Queensland 
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52 km upstream, adjacent Site 1 (downstream of TM). 
 
57 km upstream (within TM). 
 
55 
 
Figure 4-11. Photographs of the grab samples collected from the bed, mid-channel in the Brisbane Estuary on 
03/09/2018. Complete set of photographs included in §A.7. 
52 km upstream, adjacent Site 1, towards left bank when facing upstream. 
Figure 4-12. Photograph of a grab sample collected from the bed, towards the left bank when facing upstream 
in the Brisbane Estuary on 03/09/2018. The grab sample was collected from the same cross section as that in 
the top of Figure 4-11. Complete set of photographs included in §A.9. 
70 km upstream (upstream of TM). 
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4.12 Intertidal zone 
Overview 
Upstream of St Lucia (30 km upstream from the estuary mouth) the Brisbane Estuary is 
progressively less constrained by engineered rock and the intertidal zone consists typically 
of vegetation and exposed fine sediment (silt and clay). This section provides an introduction 
to the intertidal zone upstream of St Lucia. The organic matter within the bed and the 
vegetation growing in the intertidal zone are described in §4.14 and Chapter 5 respectively. 
The significance of the intertidal zone as a driver of the turbidity cycle of the estuary is 
developed in Chapter 6.  
Response to heavy rainfall 
Flows and subsequently currents following sustained and heavy rainfall are significantly 
greater than during spring tides, especially in the upper estuary (Figure 4-5). Thus it is likely 
the intertidal zone is eroded whilst the flood flows are increasing. Whilst the flood flows are 
decreasing, sediment is likely deposited onto the intertidal zone. If the attenuating flood 
currents are sufficiently fast to maintain coarse sediment (sand and gravel) in suspension 
then coarse sediment can be deposited on the intertidal zone. A core sample collected from 
the exposed mud on 25/07/2018 at Site 1 (§3.3), had a 6 cm thick sandy layer 20 cm below 
a layer of fine sediment, indicating the intertidal zone had been accreting following past flood 
flows. 
Following heavy rainfall on the 23 and 24 February 2018, the Suspended Sediment 
Concentration (SSC) within the estuary was visually observed to increase. The bathymetric 
survey performed at Site 1 on the 27 February indicated that a thick sediment deposit had 
formed in the lower slime region. The survey performed on the 28 March indicated that the 
sediment had continued to deposit over the entire slime region (Figure 4-13). The deposition 
during these periods can also be observed from the derived cumulative sedimentation 
(Figure 4-14). 
Approximately 1.1 m3/m was accumulated over the intertidal zone at Site 1 from August 
2017 to August 2018, distributed amongst the slime, exposed mud and B. monnieri regions 
by 70, 11 & 19 % respectively. The deposits onto the slime measured during the February 
and March 2018 surveys, accounted for 47 % of the total accumulated sediment by volume. 
These values are slightly different to those which could be derived from Figure 4-14, which 
are referenced to the November 2017 survey. 
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Figure 4-13. Bathymetric surveys at Site 1, Brisbane Estuary, from January to August 2018. The exceedances 
plotted relate to the water levels. The 50% exceedance is the median and essentially Mean Water Level (MWL) 
which corresponds to 0.2 m Australian Height Datum (AHD). The interface between the 3 regions are those 
observed during the 28/08/2018 survey. The interfaces were not always well defined and were observed to 
move by ~0.1 m in the cross shore direction between surveys. 
Figure 4-14. Surveyed volumes at Site 1, Brisbane Estuary, referenced to the 01/11/2017 survey. Survey 
volumes for the slime were calculated from measurements extending to 18.4 m in the cross shore direction, 
approaching the spring low water level. 
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Mud and slime 
An interesting interface which forms on the intertidal zone is that between the mud and slime. 
The interface is easily recognised visually by the wet or glassy appearance of the slime 
compared to the relatively dry or matte appearance of the mud (Figure 4-15). Such an 
interface is somewhat similar to that observed on sandy beaches where the water table 
outcrops onto the beach at what is often referred to as the exit line (Nielsen, 2009, p. 307). 
The exit line on sandy beaches moves vertically with the tide as the drainage properties of 
the sandy beach are homogeneous. The mud drains relatively effectively compared to the 
slime due to the presence of macro pores, resulting in an exit line which does not move with 
the stage of the tide. 
The particle size distributions for the mud and slime are equivalent (Figure 4-16). The water 
content of the slime is relatively high (§A.12), the organics content equivalent (§A.12), and 
the strength relatively low (Figure 4-50), compared to that of the mud. 
 
 
 
Figure 4-15. Photograph taken looking upstream at Site 2, Brisbane Estuary, during low tide. River mangroves 
(Aegiceras corniculatum) are recolonising the intertidal zone 6 years after the 2011 flood and the interface 
between the mud and slime is clearly visible. Photograph taken 14/03/2017.  
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The mud is of sufficient strength that holes formed by worms or other burrowing creatures 
remain intact (Figure 4-17). Such burrows provide a network of macro pores enabling water 
to escape at timescales of tidal exposures via either drainage or evaporation. The slime 
cannot support such structures and thus is significantly less effective at expelling water. Due 
to the relatively efficient means at which the mud can expel water, sediment deposited onto 
the mud attains the physical properties of the underlying mud when exposed. Sediment 
deposited onto the slime attains the physical properties of the underlying slime when 
exposed. 
 
Figure 4-16 Particle size distribution of dispersed particles from slime (gravimetric water content & gravimetric 
organics content of 2.54 & 0.17 respectively) and from mud (1.25 & 0.15). Samples were collected from the 
upper 40 mm on 24/05/2017 at Site 1 on the Brisbane Estuary. Test performed using a hydrometer as per AS 
1289.3.6.3-2003 
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Dye injected into an animal burrow in the mud is generally expelled at the mud-slime 
interface before flowing over the surface of the slime (Figure 4-18). The drainage of water 
from the mud onto the surface of the slime likely contributes to the relatively high water 
content of the slime. 
The mud-slime interface is an interesting instance of the chicken and egg conundrum, where 
to have animal burrows, the mud must have a sufficiently low water content and 
subsequently a sufficiently high strength to support animal burrows, but to have mud of 
sufficient strength, animal burrows must exist. It is hypothesized that the self-sustaining 
interface between the mud and slime is likely why the interface does not migrate towards 
the channel at an increased rate. A close relationship between; suction, which is closely 
related to water content; shear stress and subsequently benthos diversity was also observed 
Figure 4-17. A spadeful of mud collected at Site 2, Brisbane Estuary, revealing a network of worm holes. The 
background has been removed and a white outline drawn for clarity. 
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in the Onomichi Itozaki artificial intertidal flat, Japan (Sassa et al., 2013). The paper pioneers 
the cross-disciplinary research field the authors call “Ecological Geotechnics”. 
Other interesting examples of so called “Ecological Geotechnics” (Sassa et al., 2013) have 
been addressed in the literature. The holes of burrowing crabs in the Bahia Blanca Estuary, 
Argentina, effectively drain the upper intertidal zone and release the water at lower 
elevations to form interesting channel networks (Perillo et al., 2005). Animal burrows have 
been measured to increase the hydraulic conductivity of mangrove soil by at least an order 
of magnitude in estuaries around Townsville, Australia (Susilo and Ridd, 2005).  
 
Resuspension of intertidal sediment 
The near-bed measurements collected over the intertidal zone at Site 1, with the specially 
designed transecting system (§3.5), provide valuable insights into the drivers of settling and 
resuspension over the intertidal zone. The insights are required to understand the sediment 
Figure 4-18. Dye injected into an animal burrow in the mud 
exits at the mud-slime interface (white arrow) and flows over 
the surface of the slime at Site 1, Brisbane Estuary. 
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dynamics and subsequently the turbidity cycle within the Brisbane Estuary, as will be 
developed in Chapter 6. 
The horizontal lines in Figure 4-19 correspond to individual transects, with the colours of the 
lines corresponding to the value of the parameter measured. The elevation of the lines 
corresponds to the water level at the time the respective transects were performed. The 
stage of the tide at which the transects were performed can be derived from the water level 
plot on the right-hand side of the plot. The lowermost lines in the plots correspond to 
transects conducted during low water, when the intertidal zone was mostly exposed. The 
uppermost lines correspond to transects performed during high water, when the intertidal 
zone was mostly inundated, and subsequently measurements could be collected over a 
greater distance. The traveller car occasionally became stuck around a join in the track 
towards the lower limit of the transect, and subsequently not all the transects reached the 
lower limit. 
The currents presented are those in the long-shore direction. The cross-shore currents were 
very small compared to the long-shore currents and the transecting system was not 
sufficiently straight that cross-shore currents could be derived without significant relative 
error due to the alignment of the ADV instrument. The cross-shore currents are  The near-
bed current over the intertidal zone at Site 1 during the flood tide is slower than during the 
ebb tide (Figure 4-19 a & b). The relatively slow current during the flood tide is the result of 
Site 1’s location on the inner bank following a sharp bend in the estuary (Figure 3-3). Floating 
debris indicated that the flood tide current towards the channel centre reached 0.7-1 m/s, 
whilst essentially slack water conditions were maintained over the intertidal zone. For a short 
period following high water, the near-bed current continues to flow upstream (Figure 4-19 
b). During the remaining ebb tide, the near-bed current progressively decreases shoreward 
into the shallower water (Figure 4-19 b).  
As the sunlight began to interfere with the tubidity sensor in the very shallow water, the 
turbidity measurements do not extend as far shoreward as the current measurements 
(Figure 4-19 c & d). The voltage response of the turbidity sensor is essentially linear in the 
range of the turbidity measured (Campbell Scientific, 2014). Due to the linear response of 
the instrument, and because the measurements were conducted to provide insights into the 
drivers of resuspension over the intertidal zone, and not a timeseries of turbidity 
measurements, the conversion of the voltages to Nephelometric Turbidity Units (NTU) was 
not required. Subsequently, the measurements are presented as a scaled voltage.  
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The near-bed current was highest during the fourth to eighth transect performed during the 
ebb tide (Figure 4-19 b). If sediment was resuspended from the intertidal zone due to current 
induced bed shear stress, then the measured turbidity would have been highest during these 
transects. This was not the case, as the turbidity measured during the fourth to eighth 
transects on the ebb tide was relatively low (Figure 4-19 d). 
The elevated turbidity measured during the sixth transect of the flood tide (Figure 4-19 c), 
was most likely caused by a plume of suspended sediment advecting upstream, and not 
related to tidal or wave induced resuspension over the intertidal zone at site 1. This is 
inferred as the near-bed current was equivalent to other transects during the flood tide 
(Figure 4-19 a), no boat traffic was recorded for 20 minutes prior to or during the transect, 
and the turbidity decreased shoreward (Figure 4-19 c). Boat traffic increased significantly in 
the afternoon, with boat waves most likely generating the high near-bed turbidity measured 
during the ninth, tenth, twelfth and thirteenth transects of the ebb tide (Figure 4-19 d). There 
was no boat traffic recorded for 20 minutes prior to the eleventh transect on the ebb tide and 
subsequently the turbidity was relatively low compared to the neighbouring transects (Figure 
4-19 d). The boat waves were significantly larger than those generated by the wind. 
 
a) 
 
b) 
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c) 
 
d) 
 
Figure 4-19. (a & b) long-shore currents and (c & d) turbidity measurements collected 10 cm above the bed at 
Site 1, using the system described in §3.5. Explanation of how the plots are interpreted is provided within the 
text. The turbidity measurements are presented as a scaled voltage output from the turbidity sensor and have 
not been converted to NTU. The voltage-NTU relationship is linear as is discussed in the text. 
 
It has been previously hypothesised that the resuspension of intertidal sediment by tidal 
currents significantly contributes to the turbidity of the Brisbane Estuary (Nielsen & 
Callaghan, 2017a). The measurements collected on 05/12/2017 indicate that the relatively 
high turbidity often observed towards the banks (Figure 4-20), is likely the result of fine 
subtidal sediment being resuspended by tidal currents from towards the edges of the 
channel and not from the intertidal zone. The various reasons why the intertidal sediment is 
substantially less susceptible to erosion by tidal currents than the subtidal sediment is 
discussed later in §6.8. The measurements collected on 05/12/2017 also indicate that 
resuspension over the intertidal zone is principally wave driven. The wave induced 
resuspension of intertidal sediment within the Brisbane Estuary is discussed later in §6.9. 
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Figure 4-20. Aerial photograph of the Brisbane Estuary and the Walter Taylor Bridge at Indooroopilly (Figure 
3-2). Photograph taken 02/09/2014. Image courtesy Nearmap. 
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Erosion and accretion 
Photographs which utilise vegetation to reference the elevation of intertidal sediment 
indicate that sediment accretes and erodes on an annual basis. Roots which are usually 
exposed during February, March and April (Figure 4-21 a & c) are usually covered in June 
and July (Figure 4-21 b & d). The processes driving the erosion and accretion and the 
subsequent effect of the turbidity is developed in Chapter 6. 
(a) 10 April 2017 (b) 26 July 2017 
 
(c) 27 February 2018 
 
(d) 28 June 2018 
Figure 4-21. A time series of photographs of a young Aegiceras corniculatum (River mangrove) taken looking 
downstream at Site 2 (red dot Figure 5-2), Brisbane Estuary, with the channel to the left. The pneumatophores 
of the Avicennia marina (Grey mangrove) are advancing towards the channel. Additional photographs in §A.6. 
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Bathymetry surveys (§3.6) indicate that the intertidal zone at Site 1 is a region of net 
deposition (Figure 4-22). Due to Site 1’s location within the estuary, the intertidal zone is 
sheltered from the waves generated by easterly winds and has slack water conditions which 
prevail over the entire flood tide cycle. Both these factors are likely to contribute to the net 
deposition. 
A gradual downward trend in sediment volume over the mud region from September 2017 
to February 2018 is evident from the processed bathymetry data (Figure 4-22), consistent 
with the eroded state of the mangrove roots in February 2018 (Figure 4-21 c). The processed 
survey data also indicates a progressive accumulation of sediment from February 2018 to 
August 2018, again consistent with the mangrove roots photographs. 
 
 
 
4.13 Organic matter in suspension 
Chlorophyll-a is a measure of the concentration of suspended photosynthesizing 
microorganisms known as phytoplankton. The highest concentration of live 
photosynthesizing phytoplankton is in August (Figure 4-23), when the water is relatively cold 
(Figure 4-4) and rainfall and subsequently runoff from the catchment relatively low (Figure 
Figure 4-22. Surveyed volumes at Site 1, Brisbane Estuary, referenced to the 04/08/2017 survey, which 
was the first survey conducted for the thesis. Survey volumes for the slime were calculated from 
measurements extending to 13.9 m in the cross shore, short of the spring low water level. Subsequently 
the volume of slime differs to that presented in Figure 4-14.  
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4-3).  Relative to the temporal variation, the longitudinal variation in Chlorophyll-a is relatively 
minor (Figure 4-23). This suggests that the growth rates of the dominant species of 
phytoplankton are neither limited by the salinity nor by the turbidity, which both have distinct 
longitudinal variation (§4.15 & §4.17 respectively). The relation between the phytoplankton 
and turbidity is further discussed in §4.17. 
Water samples tested for the relative contributions of organic matter and mineral sediment 
to the Suspended Solids Concentration (SSC) determined that organic matter, dead or alive, 
contributed 28% by mass to the SSC (§3.11 & §A.13). The relative contribution likely 
changes throughout the estuary and throughout the year. Thus a far more extensive data 
collection campaign is required to quantify the spatial and temporal variation in suspended 
organic matter within the Brisbane Estuary. 
 
 
4.14 Organic matter in the bed 
A comprehensive coverage of the often highly significant role in which biology influences 
the erosion, settling, and consolidation of fine sediment (silt and clay) in estuaries is provided 
in Wolanski and Elliott (2016). The significant role that biology plays in influencing the 
physical properties of the intertidal zone in the Brisbane Estuary has already been 
Figure 4-23. Temporal variation in chlorophyll-a at 22 (top), 42 (mid) & 56 (bottom) km upstream, derived from 
monthly measurements 2000-2015 collected 0.2 m from surface. Maximum whisker length is 1.5 times the 
interquartile range with values beyond not plotted. Measurements courtesy HLW (2016). 
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introduced through the significant impact animal burrows have on the drainage properties 
and subsequently water content and strength of the mud in which the worms, crabs and 
other burrowing organisms inhabit (§4.12).  
As evident in the literature referenced in Wolanski and Elliott (2016), the subject has been 
extensively studied with the relative importance of the biology compared to other estuarine 
processes ranging from significant (Underwood and Paterson, 1993) to insignificant 
(Mitchener and O'Brien, 2000). It should be noted that the previous two studies were both 
performed on the macro tidal Severn Estuary, Britain. Where the biology has been 
determined significant, the impact of the biology can have opposing effects. For instance a 
study into two Danish micro tidal estuaries demonstrated that diatom biofilms provided 
significant stabilisation of the intertidal sediment during the warmer months for one estuary 
whilst the pelletization of the bed by snails resulted in significant destabilization during the 
warmer months for another (Andersen, 2001).  
Both the presence of a green biofilm and markings left by feeding fish are present throughout 
the year in the Brisbane Estuary (Figure 4-24). The relatively long markings are due to the 
feeding of mullet (Mugil cephalus), whilst the relatively shorter and deeper markings are 
likely due to the feeding of bony bream (Nematalosa erebi) but possibly also from blue 
catfish (Neoarius graeffei) and mudskippers (Scartelaos histophorus) (personal comms. 
Assoc. Proffessor Ian Tibbetts). The biofilms likely provide a stabilising effect. However their 
presence likely attracts the predatory fish, which destabilises the sediment during feeding. 
Measurements of the organics content within the upper 40 mm of the intertidal bed (§3.8), 
further indicate that there is no significant temporal trend (§A.12). 
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a) 
b) 
Figure 4-24. Photographs taken from similar positions facing downstream at the Mudflat at Site 1 during low 
tide for both (a) August 2017 and (b) April 2018. The green biofilm and the marks left by feeding fish are evident 
for both months over the region classified as slime (§4.12). 
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The comparison between numerical modelling results and turbidity measurements 
demonstrates that the dominant processes related to the erosion of fine subtidal sediment 
in the Brisbane Estuary are the erosion due to tidal currents, the progressive strengthening 
of deposits and the relative quantity of fine and coarse sediment (sand and gravel) within 
mixed sediment beds (Chapter 6). It is considered unlikely that any organism is significantly 
disturbing the subtidal bed when compared to the tidal currents or significantly influencing 
the erodibility of the subtidal bed when compared to the aforementioned processes. 
Furthermore, due to the high turbidity and water depths generally exceeding 10 m, it is 
considered unlikely that photosynthesizing microorganisms are significantly impacting the 
stability of the subtidal bed and thus influencing the turbidity.  
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4.15 Salinity 
Overview 
The following discusses the effect of the salinity on the turbidity, the spatial and temporal 
variation of salinity and how the salinity increases following large freshwater flows through 
the Brisbane Estuary. The information is required to understand the mixing processes within 
the estuary, which subsequently drives the distribution and dynamics of the fine sediment 
(silt and clay), and subsequently the turbidity. 
Effect of salinity on turbidity 
The salinity of the water in which primary clay particles are suspended significantly 
influences the tendency for the individual clay particles to bond together to form larger 
structures with faster settling velocities. The settling velocity of the suspended clay 
significantly influences the turbidity as the concentration of suspended clay depends on the 
balance between the settling velocity and turbulent vertical motions within the water. The 
processes which result in the primary clay particles bonding together are discussed in §6.3. 
Experiments on mud from San Francisco Bay, USA, have demonstrated that the settling 
velocity remained mostly unchanged below salinities of 1 g/L, increased dramatically 
between 1 and 2 g/L, increased at a decreasing rate between 2 and 10 g/L and remained 
essentially constant above 15 g/L (Krone, 1962, cited through Mehta, 2013, Fig. 4.14). 
Conversely however, experiments on mud from Avonmouth, England, with a similar mineral 
composition of the clays, demonstrated that the settling velocity increased up to seawater 
salinities (Owen, 1970, cited through Mehta, 2013, Fig. 7.22). 
From April to mid-October, the salinity at the Bremer Junction on the Brisbane Estuary 
increased at an increasing rate. The variation in the salinity during the tidal cycle also 
progressively increased (Figure 4-25). This was the result of the progressive establishment 
of a longitudinal salinity gradient at the location. The increase in salinity following freshwater 
inflows, throughout the estuary, will be discussed later in this section.  
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In the following discussion relating to the effect of salinity on the settling velocity of 
suspended sediment within the Brisbane Estuary, the stage of the tide is inferred from 
salinity measurements. As the salinity within the estuary decreases with distance upstream, 
the highest salinity measured at a fixed point over a tidal cycle occurs around high water 
slack. Analogously, the lowest salinity will be measured around low water slack. Thus, the 
peaks and troughs in the measured salinity in Figure 4-26 a & b correspond to high water 
slack and low water slack respectively. 
Whilst the salinity remains below 0.7 g/L in the Brisbane Estuary, the turbidity does not 
decrease during slack water (Figure 4-26a), suggesting that the suspended sediment is not 
settling from the surface. As the Bremer Junction is upstream of the turbidity maximum 
(§4.17), the turbidity increases on the flood tide to a maximum at high water and decreases 
on the ebb tide to a minimum at low water. This is in phase with the salinity which also 
increases downstream (Figure 4-27). 
When the salinity is greater than 1 g/L, the turbidity decreases during slack water (Figure 
4-26b), suggesting the suspended sediment is settling from the surface water. While the 
clay is capable of settling during slack water, the maxima and minima in the turbidity signal 
correspond more closely to maxima and minima in the magnitude of the tidal currents. This 
transitional range of ~1 g/L, with regard to the effect on the settling velocity of suspended 
clay, is consistent with the previously mentioned literature values for San Francisco Bay 
mud. 
Whilst the turbidity does decrease during slack water conditions, it does not approach 0 NTU 
(Figure 4-26 b). Suspended solids of organic origin, which are buoyant or have a settling 
Figure 4-25. Turbidity and salinity with the 24 hr average included in bold, measured using a data buoy 
deployed at the Bremer Junction (72 km upstream). Measurements courtesy Port of Brisbane (POB). 
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velocity slower than the flocculated mineral solids, are likely contributing to the turbidity. 
Suspended organic solids contribute significantly to the suspended solids concentration 
within the Brisbane Estuary (§4.13). 
The salinity of the water in which clay settles to form a cohesive bed can significantly 
influence the ability of the bed to resist erosion by currents. Similarly to the settling velocities, 
the strength increases dramatically with increasing salinity up to ~2 g/L, with the rate of 
increase in strength decreasing with further increases in salinity (Parchure and Mehta, 1985). 
An explanation of the processes responsible for these phenomena is provided in §6.3. By 
comparing the turbidity signals between June and October 2004, it is not evident that the 
strength of the bed is higher in October, despite the salinity having increased the settling 
velocity (Figure 4-26 a & b). 
a) 
b) 
Figure 4-26. Turbidity and salinity measured during respective spring tides using a data buoy deployed at the 
Bremer Junction (72 km upstream) when (a) the salinity is relatively low and (b) when the salinity is relatively 
high. It is interesting to note that the ratio between the minimum and maximum turbidity during both periods is 
similar ca 1:2. Measurements courtesy Port of Brisbane. 
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Spatial and temporal variation 
The longitudinal salinity distribution in the Brisbane Estuary consists of a mild gradient 
towards the mouth, a relatively steep gradient mid-estuary and a mild gradient towards the 
tidal limit (Figure 4-27). The gradient in median salinity at Indooroopilly (42 km upstream of 
the estuary mouth) multiplied by the tidal excursion during spring tides of 11 km (§6.2) 
provides a tidal salinity variation of ~7 g/L. The derived salinity variation is equivalent to that 
measured between consecutive high and low water during spring tides at Indooroopilly 
(Figure 4-28). 
 
 
 
The salinity throughout the estuary is generally lowest in February and highest in October 
(Figure 4-29). The low salinity coincides with the high monthly rainfall in February but not 
the low monthly rainfall in July and August (Figure 4-3). The high salinity in October 
demonstrates that until November, the freshwater inflows are generally insufficient to 
counter the influx of salt from Moreton Bay. 
 
Figure 4-27. Spatial variation in salinity along the Brisbane Estuary based on monthly measurements from 
2000-2015. The blue dots downstream of 34 km were recorded following significant freshwater inflows. The 
blue dots upstream of 64 km were recorded following extended periods of low rainfall. Site 1, where the bulk 
of the data from the intertidal zone was collected during this thesis, is 52 km upstream. The change in gradient 
at 56 km coincides with the Turbidity Maximum (Figure 4-40). Measurements courtesy HLW (2016). 
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Figure 4-29. Temporal variation in salinity at 22 (top), 42 (mid) & 56 (bottom) km upstream of the estuary mouth 
within the Brisbane Estuary based on monthly measurements from 2000-2015. The maximum whisker length 
is 1.5 times the interquartile range and values beyond this are not plotted. Measurements courtesy HLW 
(2016). 
Figure 4-28. Salinity measured using a data buoy located at Indooroopilly (42 km upstream). The tide plotted 
is the minimum daily ebb tide range. Salinity measurements courtesy Port of Brisbane (POB), rainfall 
measurements courtesy BOM, tide measurements courtesy Transport and Main Roads (TMR). 
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Response to heavy rainfall 
A rainfall event on the 6 March 2004 resulted in freshwater inflows which significantly 
lowered the salinity within the Brisbane Estuary. On the 15 March 2004, when the monthly 
profile measurements were collected, the salinity throughout the entire water column was 
below 1 g/L on the ebbing tide 42 km upstream and below 3 g/L 37 km upstream (Figure 
4-31 & data from HLW (2016)). The salinity at Indooroopilly increased at a decreasing rate 
following the heavy rainfall, with the biggest increases made during neap tides, especially 
those closer to the rainfall event (Figure 4-28). 
The depth-averaged salinity measurements, collected from a boat travelling along the 
estuary at monthly intervals in 2004, demonstrated how the salinity at 42 km increased 
rapidly from March to April 2004 (Figure 4-30), consistent with the buoy measurements 
(Figure 4-28). As the salinity measurements collected from the boat were collected at slightly 
different stages of the tide between months, the advection of the longitudinal salinity profile 
hid the decreasing rate of increasing salinity evident in the buoy measurements. The 
longitudinal salinity gradient at 42 km remains constant from April to October (Figure 4-30), 
consistent with the variation in salinity throughout the tidal cycle depicted for these months 
in the buoy measurements (Figure 4-28). The monthly measurements collected from the 
boat are also consistent with the measurements collected from the moored buoy at 72 km 
(Figure 4-25), with an increasing rate of increase in salinity and an increase in the local 
longitudinal salinity gradient. 
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The longitudinal salinity profile measurements collected following freshwater inflows during 
2001 – 2016 are mostly consistent with 2004 (§A.3). The measurements for 2001 and 2002 
have discontinuities at ~50 km as the measurements were not collected in succession (§A.2). 
Thus, the discontinuities are an artefact of the sampling regime and not representative of 
the actual salinity distribution within the estuary.  
Measurements indicate that the variation in salinity throughout the water column at 
Indooroopilly (42 km upstream) during 2004 was usually only around 2 g/L (Figure 4-31). 
Interestingly, the variation in salinity throughout the water column did not decrease from the 
wetter months into the dryer months (Figure 4-31). The variation in salinity over a tidal cycle 
due to the horizontal salinity gradient was around 7 g/L during spring tides (Figure 4-28), 
which was significantly greater than the variation throughout the water column. 
Figure 4-30. Salinity (depth averaged) measurements collected monthly throughout the Brisbane Estuary 
following heavy rainfall in early March 2004. Two potentially significant bathymetric features, Kangaroo Point 
and Seventeen Mile Rocks are located at 22 and 47 km upstream respectively (Figure 4-35). The significance, 
or otherwise, of these features regarding the longitudinal salinity profile is detailed in §4.16. The measurements 
belong to the same set as those presented in Figure 4-27 & Figure 4-29. Measurements courtesy HLW (2016). 
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Figure 4-31. Monthly salinity profiles at Indooroopilly (42 km upstream) for 2004. The measurements 
belong to the same set as those presented in Figure 4-27, Figure 4-29 & Figure 4-30. Measurements 
courtesy of (HLW, 2016). 
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4.16 Estuarine mixing 
Overview 
The salinity and longitudinal distribution of fine sediment (silt and clay) are both drivers of 
the turbidity of the Brisbane Estuary. To provide insights into how the salinity increases 
following significant freshwater inflows and how fine sediment is transported and distributed 
along the Brisbane Estuary, the longitudinal profiles of depth averaged salinity are modelled 
and compared with measurements. The intention of the modelling is to provide insights into 
the estuarine mixing processes and not represent the mixing processes explicitly, which in 
reality are likely dependent on gradients throughout the water column and across the 
channel. Following the modelling, the various mixing processes are discussed. Whilst the 
existing measurements and modelling are insufficient to determine the relative significance 
of the various processes by which salt and sediment are transported longitudinally 
throughout the estuary, a hypothesis is provided based on the literature, existing 
measurements and numerical modelling. 
The 1D gradient diffusion model 
Applying mass continuity to the salt moving in the longitudinal direction gives 
C Q
t x
  
 
    (3) 
where x [m] is aligned with the longitudinal axes of the estuary, C is the mass concentration 
of salt [kg/m3] and Q the flux of salt [kg/sm2]. Assuming the longitudinal mixing within the 
estuary results in a flux which can be represented by Fick’s law of gradient diffusion in 1D 
(along the estuary), then the flux of salt is 
CQ D
x
 

    (4) 
where D is the diffusivity of the salt [m2/s]. Equations 3 & 4 can be combined to give 
C CD
t x x
        
    (5) 
and expanded using to Product Rule to give 
2
2
C D C CD
t x x x
    
   
.   (6) 
When the diffusivity is assumed constant, an elegant analytical solution exists for the case 
of an infinite domain with initial concentration of 0 and for which one of the boundaries is set 
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to a constant concentration. This scenario aptly represents an estuary which has been 
flushed following heavy rainfall over the catchment, where the salt concentration at the 
mouth of the estuary is maintained at that of sea water and where the continuing freshwater 
inflows are relatively insignificant. Fortunately for such an analysis, the Brisbane Estuary 
usually receives freshwater inputs capable of significantly reducing the salinity throughout 
the estuary on an annual recurrence in late summer or autumn followed by several months 
of low rainfall and subsequently significantly reduced freshwater inflows. Due to its size, 
Moreton Bay, at the mouth of the estuary maintains a near constant salinity. The solution is 
presented in Fischer (1979, p.44) as 
0 1 4
xC C erf
Dt
       
    (7) 
where erf means the “error function” which can be approximated using one of several 
approximations provided in Abramowitz and Stegun (1965). The concentration provided by 
the solution is equivalent to the concentration averaged over a tidal cycle as no advection 
terms are included. 
When an initial salinity condition of 0 g/L is applied throughout the estuary and a constant 
diffusivity of 50 m2/s is applied, Equation 7 successfully represents the increasing salinity at 
a decreasing rate at ~40 km upstream and the increasing salinity at an increasing rate at 
~70 km (Figure 4-32a). This is consistent with the measurements (§4.15). In the lower 
estuary, it is evident that Equation 7 does not represent the longitudinal salinity distribution, 
with the gradient steeper than in reality (Figure 4-32a).  
Equation 6 can be solved numerically for the case of a spatially varying diffusivity. Unlike 
the analytic solution, Equation 7, the salinity at the upstream boundary of the estuary is 
specified. The solution where the diffusivity is up to 5 times higher from 0-25 km (100 m2/s) 
than throughout the remainder of the estuary (20 m2/s) is presented (Figure 4-32b), where 
the initial salinity throughout the estuary was set to 0 g/L. The increase at ~40 km and 
~70 km is again generally consistent with the measurements and the distribution in the lower 
estuary is also more consistent with the measured distributions. 
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a) 
b) 
 
Figure 4-32. The modelled increase in salinity (equivalent to the salinity averaged over the depth, cross-section 
and tidal cycle) along the Brisbane Estuary with (a) a constant diffusivity and (b) a spatially varying diffusivity 
in the 1D gradient diffusion model (Equation 6). 
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To derive a value for the diffusivity by application of the 1D gradient diffusion model, the 
initial salinity distribution following the freshwater inflows was derived from the 
measurements and a temporally varying downstream concentration boundary condition 
applied. The temporally varying downstream boundary accounts for the increasing salinity 
in Moreton Bay in the vicinity of the estuary mouth. The upstream concentration of salt was 
set to 0 g/L. Freshwater inflows at the upstream boundary were not included. As freshwater 
inflows are not included in the model, years for which there were significant freshwater 
inflows for several months, such as in 2011, are not aptly represented by the model.  
The 1D gradient diffusion model, with an elevated longitudinal diffusivity towards the lower 
estuary, successfully replicates the increase in salinity throughout the estuary once 
freshwater inflows have reduced (Figure 4-33). The model was run with the same diffusivity 
distribution for 2010 and 2012 and demonstrates equivalent success (§A.4). The longitudinal 
diffusivity derived in past studies and that derived in this thesis are presented in Table 4-2. 
The results are consistent.  
Figure 4-33. Validation of the 1D gradient diffusion model. The longitudinal diffusivity is 130 m2/s between 0-
10 km upstream, decreasing linearly to 27 m2/s between 10-30 km upstream, then remaining constant to the 
tidal limit. The measurements are those presented in Figure 4-30. Measurements courtesy HLW (2016). 
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Table 4-2. Derived longitudinal diffusivity for the Brisbane Estuary 
 
*The value of 44 m2/s derived in Rankin (1976) is the minimum which could be prescribed in his model (Steele, 
1991). 
The longitudinal salinity distributions in the Brisbane Estuary, measured during the monthly 
profiling (HLW, 2016), for the years other than 2001 and 2002, which as discussed have 
spurious discontinuities (§4.15), are consistent with observations in other well mixed 
estuaries such as the Delaware Estuary (Pritchard, 1954), Thames Estuary (Preddy, 1954), 
Hawkesbury Estuary (Hughes et al., 1998) and laboratory experiments in a 100 m long, 
0.23 m wide and a 0.15 m (mean) deep channel with uniform cross-section (Harleman and 
Ippen, 1967). All of the above mentioned distributions consist of a region mid-estuary, where 
the salinity varies linearly with distance along the estuary and at a greater rate than in 
regions towards the upstream and downstream limits of the estuary. 
It has been demonstrated here that a spatially varying diffusivity is required in a gradient 
diffusion model, which although it does not require an understanding of the underlying 
physical processes, infers that largescale longitudinal mixing does behave very much like 
Fickian diffusion and that the processes which result in longitudinal mixing are more efficient 
in the lower reaches of the Brisbane Estuary. Compared to the model presented in Chatwin 
(1976), which is built from equations which supposedly explicitly represent estuarine 
processes yet fails to replicate the shape of the longitudinal salinity distribution in the lower 
 D [m2/s] Distance 
upstream [km] 
Date 
(Rankin, 
1976) 
99, 59, 44* 0-18, 18-30, 30+ September 1974 
(Rankin, 
1976) 
254, 124, 44* “” late October 1974 
(Ozturk, 
1981) 
109, 88, 52, 34 16, 27, 34, 46 mid November 1974 
(Steele, 
1991) 
27 72 late October 1981 
This thesis 130, interpolated, 27 0-10, 10-30, 30+ 2004, 2010, 2012 
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estuary (Figure 4-34), the gradient diffusion model (Equation 6) seems superior.  A 
discussion on the likely underlying estuarine mixing processes in the estuary, based on the 
insights gained from the gradient diffusion modelling and the existing measurements is now 
provided. 
 
 
 
 
Figure 4-34. Figures 3b (left) and 4b (right) from Chatwin (1976). The y-axes are the depth averaged 
concentration of salt, and the x-axes the normalised longitudinal distance. Crosses are observations and the 
line Chatwin’s model. The measured longitudinal salinity profile is very much like that in the Brisbane Estuary 
and the results generated by the modelling in this thesis (Figure 4-33). 
The bed elevation at Seventeen Mile Rocks (~48 km upstream) reduces to ~-5 m Australian 
Height Datum (AHD), where it is generally lower than -10 m AHD both shortly upstream and 
downstream (Figure 4-35a). The existing channel is the result of progressive navigation 
improvements from 1863 to 1965 to permit the passage of barges (McLeod, 1990). It might 
be expected that such a bathymetric feature could significantly impact on the salt dynamics 
within the estuary. Analysis of the measurements and the complementary 1D modelling, 
which ignores the bathymetric feature, demonstrate the negligible effect the bathymetric 
feature likely has on salt transport. Recall that the discontinuity in the longitudinal salinity 
distributions for 2001 and 2002 at ~50 km is the result of discontinuities in the sampling 
times for these years (§A.2). 
At Kangaroo Point (~22 km upstream), the estuary abruptly changes direction by almost 
180° (Figure 4-35b). The bend is likely a zone of intense vertical mixing due to the increased 
velocities and secondary flows. The bend also generally marks a transition in the gradient 
of the longitudinal salinity profile (Figure 4-30 and §A.3) and is where the gradient diffusion 
model required the relatively high diffusivity from the lower estuary to decrease to that which 
is applicable upstream.  
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a) 
b) 
Figure 4-35. Surveyed bathymetry at (a) Seventeen Mile Rocks (~47 km upstream of the estuary mouth) and 
(b) at Kangaroo Point (~22 km upstream). Note the different spatial scales. Measurements courtesy Brisbane 
City Council. 
 
The salinity profiles downstream of Kangaroo Point generally have a greater variation in 
salinity over the water column compared to those upstream (Figure 4-36). As a note, the 
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tidal excursion upstream from the mouth of the estuary in a large spring tide is 8.5 km, short 
of where the diffusivity is changed within the gradient diffusion model (Figure 4-33). 
 
Figure 4-36. Salinity profiles collected monthly from March 2000 to March 2011 on the ebb tide downstream 
and upstream of Kangaroo Point (~22 km upstream of the estuary mouth). Measurements courtesy of (HLW, 
2016). 
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Based on the requirement for a relatively high diffusivity in the 1D modelling, together with 
the relatively high variation in salinity throughout the water column downstream of Kangaroo 
Point, compared with further upstream, it could be inferred that the longitudinal mixing within 
the estuary is relatively more efficient when the variation in density throughout the water 
column is greater. Interestingly however, a longitudinal salinity profile, consistent in shape 
to the Brisbane Estuary, has been replicated in flumes of uniform cross-section (Harleman 
and Ippen, 1967), where the measurements are also presented in Chatwin (1976). Such 
flumes do not have zones of localised intense mixing such as the Brisbane Estuary has at 
Kangaroo Point. Interestingly again, the Delaware Estuary supposedly has the greatest 
vertical variation in salinity at mid-estuary, where the salinity gradient is at its steepest 
(Pritchard, 1954, through Figure 1 of Hansen and Rattray Jr, 1966), whilst the vertical 
variation in salinity is generally greatest downstream of Kangaroo Point (the lower estuary) 
in the Brisbane Estuary.  
Forces acting along the longitudinal axes 
A horizontal layer of water within an estuary is accelerated in the longitudinal direction by 
the pressure gradients resulting from the longitudinal density and water level gradients. The 
shear stress induced by turbulent mixing moderates the extent to which different layers 
within the water column act independently of one another (Figure 4-37). 
 
 
 
Figure 4-37. Forces acting on a horizontal layer of water due to the longitudinal density gradient, water level 
gradient, and shear stress induced by turbulent mixing. The density is everywhere vertically uniform. 
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Newton II applied across a horizontal layer at elevation z [m] above the bed gives 
   1 2
2
dug z g
x x z dt
             
  
     (8) 
where u [m/s] is the horizontal velocity of the layer. Inserting the viscosity ν [m2/s] into 
Equation 8 gives 
   1 2
2
u dug z g
x x z z dt
                   
       (9) 
which demonstrates that the horizontal layer will have a tendency to move upstream (+ve x), 
when one or more of the following occurs: the depth of the layer is increased; the water level 
gradient is decreased; the viscosity is decreased and/or the horizontal density gradient is 
increased. The impact the four variables have on the salinity (as measured in the Brisbane 
Estuary) is discussed in the next section. 
Increased residual upstream flow with increased depth 
When the depth-averaged salinity decreases upstream, the resultant upstream force 
increases with depth (Equation 9). Thus, water at increased depth in the estuary is expected 
to preferentially flow upstream relative to the water nearer the surface. The measurements 
indicate this to be the case (Figure 4-10). 
Increased residual upstream flow with reduced water level gradient 
The measured salinity at Indooroopilly (42 km upstream) increases at a greater rate during 
neap tides than during spring tides (Figure 4-28 & §A.5). This indicates that the upstream 
migration of salt, and thus the residual upstream currents in the lower water column, are 
relatively high during neap tides. An exercise was performed to demonstrate that, within an 
estuary with a longitudinal salinity gradient decreasing upstream, this phenomenon is partly 
driven by the relative magnitudes of the longitudinal water level gradient and the longitudinal 
density gradient. The exercise essentially involves solving Equation 8 without the shear 
stress term. 
The 2D flexible mesh model of the Brisbane Estuary, utilised more extensively later in the 
thesis (§6.2), was applied to simulate the tide in the presence of a salinity gradient 
decreasing upstream. Timeseries of the longitudinal pressure gradient at two depths were 
extracted from the model results. The pressure gradients were then used to derive 
timeseries of the acceleration of a layer of water at the respective depths. The timeseries of 
acceleration were then twice integrated to derive indicative distances the layers of water 
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would travel in the absence of shear stress. The results indicate that water in the lower water 
column preferentially migrates upstream during neap tides (Figure 4-38). Thus, the relatively 
fast recovery in salinity measured in the Brisbane Estuary during neap tides can be 
explained, in part, due to the reduced contribution the water level gradients make to the 
overall longitudinal pressure gradient during these periods. 
 
 
Increased residual upstream flow with reduced turbulent mixing 
Due to the relatively fast tidal currents during spring tides, turbulent mixing and subsequently 
the shear stress term in Equation 8 is relatively high. The increased shear during spring 
tides reduces the propensity for the water column to behave as a series of discrete layers 
and subsequently reduces the propensity for deeper water to migrate upstream. The 
inclusion of a temporally varying shear stress would exacerbate the relative difference in the 
residual flow between spring and neap tides driven by longitudinal salinity and water level 
gradients (Figure 4-38). It is possible that the residual currents (§4.10), and recovering 
salinity (§4.15), are more dependent on the temporal variations in shear stress than on the 
Figure 4-38. Equation 8 solved without the shear stress term provides the indicative longitudinal distance two 
layers of water would travel, in the absence of vertical mixing, in an estuary with a salinity gradient decreasing 
upstream. The results demonstrate that the relatively deep water preferentially migrates upstream during neap 
tides, when the water level gradients are relatively small compared to during spring tides. 
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temporal variations in the water level gradients. Indeed the reduced mixing during neap tides 
has been largely attributed to the increased exchange flows in estuaries with relatively 
simple geometries (MacCready and Geyer, 2010).  
Turbulent mixing is inhibited when the salinity and subsequently water density increases 
with depth. The eddy viscosity in Equation 9 and shear stress term in Equation 8 are 
effectively reduced, thus promoting the residual upstream flow in the lower profile. It is 
feasible that the vertical salinity variation is greatest following the flushing event and before 
spring tides have mixed the water column. The existing monthly measurements at 
Indooroopilly do not show any tendency for the water column to exhibit greater variation in 
the salinity profile following the flushing event than during dryer months (Figure 4-31). 
Continuous profile measurements collected from a self-profiling data buoy are required 
before any conclusions can be drawn.  
The variation in salinity throughout the water column at Indooroopilly (42 km upstream) is 
often greater during neap tides than during spring tides (Figure 4-39). Interestingly, 
restratification of estuaries is possible during the ebb-flood and spring-neap tidal cycles 
through the processes of estuarine shear flow and tidal straining (MacCready and Geyer, 
2010). If the water column was restratifying during the neap tides, then the shear stress in 
Equation 8 would be further reduced and the upstream migration of salt enhanced, which is 
again consistent with the current and salinity measurements (§4.10 & 4.15). 
Figure 4-39. Vertical salinity gradient throughout the water column at Indooroopilly (42 km upstream). 
Measurements collected monthly during the ebb tide. Measurements courtesy of (HLW, 2016). 
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Increased residual upstream flow with increased horizontal density gradient 
The longitudinal salinity gradient mid-estuary is at its steepest following flushing events 
(Figure 4-30 & §A.3). Consistent with Equation 8, this period of steepest longitudinal 
pressure gradient, together with the neap tide, is when the greatest increase in salinity 
occurs mid estuary (Figure 4-28). 
Other mechanisms for residual upstream transport 
Whilst it is considered that the physics discussed aptly describe how and why the salinity 
increases in the middle reaches of the Brisbane Estuary following flushing events, research 
into other estuaries demonstrates that the estuarine circulation due to variation in 
stratification during the tidal cycle can be a significant, if not the most significant driver of the 
longitudinal transport of salt (Geyer & MacCready, 2014). Previous studies on the Brisbane 
Estuary analysing 12 hours of continuous measurements collected 38 km upstream in 
January 2001, before any flushing of the estuary, demonstrated that although subtle, the 
vertical density gradient was greater towards the end of the ebb tide than towards the end 
of the flood tide (Hollywood et al., 2001; Howes, 2002). Substantially more salinity 
measurements are required to be collected continuously over numerous tidal cycles and 
throughout the water column before further conclusions about the relative importance of tidal 
straining can be made. 
Likely dominant mechanisms for residual upstream transport 
In light of the previous discussion, it is considered that the relatively high diffusivity required 
in the 1D gradient diffusion model (Equation 6) downstream of Kangaroo Point is most likely 
required because the measured vertical variation in salinity throughout the water column is 
greater than upstream (Figure 4-36). The reduced shear stress due to reduced turbulent 
mixing due to the increased vertical density gradient permit the water column to behave 
more like a series of discrete horizontal layers. 
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4.17 Turbidity 
Overview 
This section introduces the spatial and temporal variation in the turbidity of the Brisbane 
Estuary before providing a discussion on the various potential drivers of the annual turbidity 
cycle. The potential drivers include amongst others, sediment inputs from the catchment 
resulting from heavy rainfall, sediment inputs from Moreton Bay resulting from estuarine 
circulation and exchanges of fine sediment (silt and clay) between the sub and intertidal 
zones driven by the periodic subaerial exposure of the intertidal sediment. It will be 
demonstrated that many of these processes are not as significant as might be expected. 
The significance of the wind driven exchanges of fine sediment between the sub and 
intertidal zones in driving the annual turbidity cycle is developed in Chapter 6. The reader is 
referred to §1.2 for commentary on what is turbidity and how it relates to secchi depth and 
the suspended solids concentration. 
Spatial variation in turbidity 
The median turbidity increases upstream from where the estuary enters Moreton Bay to a 
maximum around the suburb of Westlake (Figure 2-1, 56 km upstream). Upstream of 
Westlake, the turbidity decreases towards the tidal limit (Figure 4-40). The region of 
maximum turbidity is often referred to as the Turbidity Maximum (TM) (Dyer, 1986; Eisma, 
1993).  The longitudinal distribution of turbidity is essentially the inverse of that for secchi 
depth (Figure 1-4). 
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Why the turbidity is elevated in the Turbidity Maximum 
Due to the decreasing cross-sectional area from the estuary mouth upstream to the TM, the 
magnitude of the cross-sectionally averaged tidal currents are similar over this length of 
estuary (Figure 4-9). Thus, it is expected that the bed shear stress climate2 is also similar. 
Thus, if the erodibility of the bed and the settling properties of the sediment were similar, 
then the Suspended Solids Concentration (SSC) and subsequently the turbidity would be 
similar. This is not the case (Figure 4-40). 
The median salinity in the TM is above that for which no further significant impact on the 
erodibility or settling properties of the fine sediment is expected (§4.15). Thus, it is expected 
that the erosion and settling properties of the fine sediment in the lower estuary and TM are 
similar for most of the year.  
                                            
2 The statistical characterization of the bed shear stress over a period encompassing ebb-flood tidal cycles, 
spring-neap tidal cycles, the annual variation in wind conditions, and large fresh water outflow events which 
generally occur every one to two years in the Brisbane Estuary. 
Figure 4-40. Spatial variation in surface turbidity along the Brisbane Estuary based on monthly measurements 
from 2000-2015. Maximum whisker length is 1.5 times the interquartile range. The Turbidity Maximum (TM) is 
considered the location of highest median turbidity. The TM occurs where sediment samples retrieved from 
the subtidal bed contained a higher fraction of fine sediment than samples collected upstream or downstream 
of this location (§4.11). The TM occurs at the same location as there is a change in gradient of the longitudinal 
salinity profile (Figure 4-27). The increased variance with an increased median is likely indicative of greater 
variation in the turbidity during a tidal cycle (Figure 4-44). Measurements courtesy HLW (2016). 
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As the bed shear stress climate and erosive and settling properties of fine sediment are 
similar between the lower estuary and the TM, the availability of fine sediment is likely the 
most significant driver of the increasing turbidity upstream towards the TM. Measurements 
demonstrate that the availability of fine sediment within the subtidal bed increases upstream 
towards the TM (§4.11).  
The magnitude of the cross-sectionally averaged tidal currents decreases upstream of the 
TM (Figure 4-9). The reduced currents and subsequently milder bed shear stress climate 
upstream of the TM could be contributing to the decreasing turbidity (Figure 4-40). 
Measurements demonstrate that the availability of fine sediment within the subtidal bed 
decreases upstream of the TM towards the tidal limit (§4.11). Similarly to the increasing 
turbidity from the mouth upstream towards the TM, the decreasing turbidity from the TM 
upstream towards the tidal limit is likely principally driven by the availability of fine sediment 
in the subtidal bed. 
Why fine sediment moves upstream towards the Turbidity Maximum  
Except during brief periods when significant fresh water inflows following heavy rainfall are 
driving flows throughout the water column downstream, the residual currents in the lower 
water column are directed upstream (§4.16). As suspended sediment settles downwards 
due to gravity, the SSC is generally higher in the lower profile and thus the residual transport 
of fine sediment is upstream towards the TM.  
The flood tide range in the Brisbane Estuary is often larger than the ebb tide range (§4.9), 
which would result in faster tidal currents during the flood tide than during the ebb tide. 
Furthermore, the near bed currents in the estuary are generally faster during the flood tides 
than during the ebb tides (§4.10). Subsequently, the relatively high bed shear stress during 
the flood tides erode more fine sediment. This process likely further contributes to the 
residual transport of fine sediment upstream towards the TM.  
Due to non-linear interactions between the tide and channel morphology, the flood tides are 
generally of shorter duration than the ebb tides. This acts to increase the speed of the flood 
tide currents relative to the ebb tide currents and can result in the net upstream transport of 
sediment (Dyer, 1986). This asymmetry is evident in the cross-sectionally averaged 
velocities in the Brisbane Estuary (§4.9).  
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Why fine sediment moves downstream towards the Turbidity Maximum 
As salt is transported upstream of the TM (Figure 4-30 & §A.3), the residual currents in the 
lower water column are likely directed upstream beyond the TM. However, the location of 
the TM coincides with a distinct reduction in the longitudinal salinity gradient (Figure 4-27 & 
Figure 4-33). Thus, as the longitudinal salinity gradient is milder upstream of the TM, it is 
likely the residual currents in the lower water column are relatively slow (§4.16).  
The tidal flows through a cross-section reduce with distance upstream, as the surface area 
of the estuary further upstream of the cross-section decreases (Figure 4-9 a). Thus, the 
relative magnitude of the seaward freshwater flows relative to the tidal flows increases. This 
process, together with the reducing residual upstream currents, are likely to result in the 
residual transport of fine sediment downstream towards the TM.  
Other potential drivers of the sediment distribution along the estuary 
Although the drivers of the longitudinal distribution of fine sediment within the Brisbane 
Estuary discussed above are considered the most significant, there are numerous other 
estuarine processes to those discussed which may also be contributing. Potential drivers 
not included in the literature include the Brisbane City Council operated ferry service (City 
Cats) which extends as far upstream as St Lucia (30 km upstream). The City Cat service 
has been in operation since 1996. In 2018, the City Cats were operating on a 15 minute 
timetable in both directions for 18 hours a day and it has been demonstrated that the vessels 
generate waves capable of modifying the size distribution of sediment within the intertidal 
zone (§5.2). The engineered rock walls which constrict the estuary up until St Lucia, and to 
a lesser extent further upstream, prevent the formation of muddy or sandy intertidal zones 
and potentially also impact the longitudinal distribution of subtidal sediment. 
Interestingly, the location of the TM coincides with a distinct change in gradient in the 
longitudinal salinity profile (Figure 4-27 & Figure 4-40). The longitudinal salinity profile can 
be aptly represented by a 1D gradient diffusion model where the longitudinal diffusivity is 
constant from 30 km upstream (Figure 4-33).  
Temporal variation in turbidity 
The turbidity throughout the estuary generally decreases from a maximum in April / May to 
a minimum in August / September (Figure 4-41). Why various estuarine processes are not 
important drivers of the annual turbidity cycle is developed in the following. 
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Turbidity signals not attributable to rainfall induced sediment loads 
The temporal variation in the turbidity and monthly rainfall are similar, with respectively low 
values in July, August and September and high values in February and March (Figure 4-41 
& Figure 4-3). Heavy rainfall over the Brisbane River Catchment results in overland flow 
which can transport sediment into the numerous tributaries which eventually flow into the 
estuary. The tributaries themselves can be significantly eroded by the increased flows, 
providing additional sediment to the estuary. The sediment which is not transported through 
to Moreton Bay remains in the estuary where it is available for suspension by tidal currents. 
It has been discovered previously that rainfall is not the most significant driver of the annual 
turbidity cycle mid-estuary (Howes, 2002) as discussed in §1.4. Why the rainfall is not as 
significant as perhaps expected is developed in the following. 
Following heavy rainfall in early February 2001, the estuary was flushed fresh downstream 
past Indooroopilly and the daily average surface turbidity increased to over 500 NTU. The 
exceptionally high turbidity had subsided within half a month (Figure 4-42).  
 
Figure 4-41. Temporal variation in turbidity at 22 (top), 42 (mid) & 56 (TM) (bottom) km upstream along the 
Brisbane Estuary based on monthly measurements from 2000-2015. Maximum whisker length is 1.5 times the 
interquartile range and values beyond this are not plotted. The increased variance with an increased median 
is indicative of greater variation in the turbidity during a tidal cycle (Figure 4-44). Measurements courtesy (HLW, 
2016). 
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When the SSC is high, such as following heavy rainfall, the mass of sediment which settles 
to the bed during slack water is higher than if the SSC was low. The tidal currents are not 
necessarily capable of eroding the equivalent mass of sediment from the bed and the mass 
of sediment in concentration progressively decreases whilst that in the bed increases. The 
result is a thick deposit consisting of a surface layer of fine sediment which is eroded and 
deposited during the spring tides. This layer of surface sediment is equivalent in thickness 
to the layer before the rainfall and thus the SSC and subsequent turbidity is equivalent 
(Figure 4-43). This is a simplified scenario provided as an example of a natural system 
recovering quickly from a shock to a state of relative equilibrium. The decrease in turbidity 
is significantly slower following heavy rainfall when the salinity is sufficiently low that the fine 
sediment does not settle. This is the case in the upper estuary where the salinity increases 
relatively slowly and thus the influence of rainfall may last for several months (Figure 4-25). 
Figure 4-42. Upper: maximum daily flood tide range measured at estuary mouth. Lower: daily averages of 
turbidity and salinity measurements collected using a moored data buoy at Indooroopilly (42 km upstream). 
Turbidity and salinity measurements courtesy Howes (2002), tide measurements courtesy TMR. 
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Interestingly, the daily averaged turbidity during the spring tide in early April 2001 was higher 
than during other spring tides despite the relatively small tidal range (Figure 4-42). The 
elevated daily averages were largely the result of increased maxima in turbidity during peak 
flood and ebb tides (Figure 4-44). This indicates that the sediment is relatively more 
available and/or more readily eroded when the daily turbidity is relatively high. If the 
sediment dynamics in the Brisbane Estuary were as simple as previously described (Figure 
4-43), it would be expected that the turbidity would be purely a function of the tidal range 
and subsequently the bed shear stress. This is not the case. In reality the resistance to 
erosion of deposits of fine sediment increases with time and depth and fine sediment is 
continuously exchanged between different zones within the estuary. Thus, the mass of fine 
sediment which can be eroded and contribute to the SSC during the tidal cycle depends on 
the history of the eroding bed and the relative magnitude of the sources and sinks of fine 
sediment. It requires an entire Chapter to develop these intricacies pertaining to the turbidity 
of the estuary (Chapter 6). 
 
 
 
 
Figure 4-43. The subtidal bed (left) before rainfall related sediment inputs, (centre) whilst the SSC in the estuary 
is highly elevated and (right) once the SSC has returned to levels equivalent to those prior the heavy rainfall. 
The dotted region represents the inactive bed. The solid brown and grey regions and arrows are indicative of 
the sediment respectively eroded and deposited during a tidal cycle. The solid brown regions are drawn over 
the solid grey regions. External sources and sinks of fine sediment, such as the intertidal zone, are not 
represented in this simplified diagram. 
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In 2001, the turbidity of the Brisbane Estuary decreased from April through to August before 
increasing in September (Figure 4-42). This trend is consistent with the 16 years’ worth of 
compiled measurements throughout most of the estuary (Figure 4-41). The abrupt increase 
in turbidity in September 2001 did not coincide with a decrease in salinity (Figure 4-42). 
Thus, rainfall was not responsible for the increase in turbidity experienced in September 
2001.  
The lack of summer rain in 2006-2007 resulted in the progressive increase in salinity 
throughout the Brisbane Estuary from April 2006 to April 2007 (Figure 4-45a). During this 
period the freshwater inflows were low (Figure 4-6). Thus, it is unlikely that enough sediment 
was introduced from the catchment to the estuary to increase the turbidity. If the low turbidity 
experienced every year around August / September and the high turbidity experienced 
around April / May throughout the estuary (Figure 4-41), is the result of sediment inputs from 
the catchment, then it would be expected that the turbidity from April 2006 to April 2007 
would have either remained constant or reduced. The measurements indicate that it did not 
(Figure 4-45b). The turbidity throughout the Brisbane Estuary generally decreased from a 
high in April 2006 to a low in August before increasing again to a high in April 2007 (Figure 
4-45b). This is consistent with the 16 years’ of compiled measurements (Figure 4-41). It is 
now evident there must exists an estuarine process which is wholly independent of 
Figure 4-44. Upper: tide. Lower: turbidity measurements collected using a moored data buoy at Indooroopilly 
(42 km upstream). The increased variation in turbidity throughout the tidal cycle in April is also evident in the 
box and whisker plots where the variation is greater when the median is greater (Figure 4-40 & Figure 4-41). 
Measurements courtesy (Howes, 2002). 
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catchment inflows which is responsible for driving a significant component of the annual 
variation in the turbidity throughout the estuary.  
a) 
b) 
 
Figure 4-45. Longitudinal profiles derived from monthly measurements along the Brisbane Estuary during a 
drought (Figure 4-6), for (a) salinity and (b) turbidity. Measurements courtesy HLW (2016). 
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What the tidal range does not explain 
The size of the largest flood tides and subsequently the flood tide currents in the Brisbane 
Estuary are increasing from April to August 2001, whilst the turbidity is progressively 
decreasing (Figure 4-42). Thus, the progressively decreasing turbidity was not the result of 
the bed shear stress climate becoming milder. It will be demonstrated that larger tides 
actually have the effect of progressively lowering the turbidity of the estuary (Chapter 6). 
What the longitudinal transport of sediment does not explain 
The annual salinity cycle in the Brisbane Estuary is generally consistent with that of the 
turbidity (Figure 4-29 & Figure 4-41). Thus, it is possible that the strength of the estuarine 
circulation driven by the salinity within the estuary has an annual component which is a 
significant driver of the annual turbidity cycle. In contrast to non-drought years, due to the 
lack of rainfall from April 2006 to April 2007, the salinity within the estuary progressively 
increased. The turbidity, however, continued to follow the usual annual cycle (Figure 4-45). 
Thus, it is considered unlikely that estuarine circulation is a significant driver of the annual 
turbidity cycle. 
As for the measured turbidity in 2001 (Figure 4-42) and the compiled measurements 
spanning 16 years (Figure 4-41), the turbidity at Indooroopilly in 2002 steadily decreased 
from around March to August before abruptly increasing in September (Figure 4-46). 
Fortunately, measurements at the estuary’s mouth were also available in 2002. These 
measurements indicate that any additional sediment which resulted in the highly elevated 
turbidity mid-estuary was unlikely to have been derived from sediment migrating into the 
estuary from Moreton Bay. Indeed, it appears the turbidity at the mouth of the estuary 
increased in late October 2002 which is likely the result of sediment from mid estuary being 
transported downstream towards the mouth. However, it is noted that the turbidity 
measurements were collected from the surface and that sediment could have entered the 
estuary from the bay undetected. This issue is addressed at the end of this section. 
If the abrupt increase in turbidity at Indooroopilly in 2002 (Figure 4-46) was the result of 
subtidal sediment in the proximity of the TM migrating downstream, then it would be 
expected that the turbidity in the TM would decrease or remain constant. Measurements 
collected from the TM demonstrate that the turbidity also generally increases in September 
/ October (Figure 4-41 & Figure 4-45 (b)). Thus, if sediment is sourced from the TM, then 
additional sediment must first be introduced to the subtidal zone within the TM.  Had there 
been a significant input of sediment from the catchment which then migrated downstream 
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towards Indooroopilly resulting in the high turbidity in early October 2002, it would be 
expected that the turbidity at the Bremer Junction would have increased abruptly. It did not 
(Figure 4-46).  
 
 
Temperature effect on bed erodibility and turbidity 
An increase in the erodibility of the bed would result in increased turbidity as more sediment 
is eroded into suspension for equivalent tides. It could be expected that the erodibility of 
beds of fine sediment in the subtidal zone would increase with increasing water temperature 
as the viscosity of the pore water increases permeability which subsequently increases the 
erosion rate (Winterwerp and Kesteren, 2004). It has been suggested that another means 
by which the erodibility may increase due to an increase in temperature is because the 
strength of the inter-particle bonds decreases (Kelly and Gularte, 1981). However, findings 
from past experimentation into the effect of temperature on erodibility of fine sediment are 
largely inconclusive and inconsistent (Winterwerp and Kesteren, 2004 p 356). The relatively 
low turbidity during August does coincide with relatively low water temperatures within the 
estuary. However, if the temperature effects on the bed was a significant driver of the annual 
Figure 4-46. Turbidity (24 hr ave.) measured at the estuary mouth (0 km), Indooroopilly (42 km) and the Bremer 
Junction (72 km upstream) via three moored data buoys. The Indooroopilly buoy was placed in a different 
location and collected measurements from a slightly different depth than for the 2001 measurements, generally 
resulting in turbidity values lower than those measured for 2001 (Figure 4-42). Measurements courtesy POB. 
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turbidity signal then it would be likely that the turbidity during November December, January, 
February and March would be higher than during April and May. This is not always the case 
(Figure 4-41 & Figure 4-42).  
Temperature effect on settling velocity 
An increase in the settling velocity of suspended sediment would result in reduced turbidity 
as the downwards flux of sediment towards the bed would increase. The well-known Stokes’ 
formula for the settling velocity (w) of a spherical particle of a given radius (R) through a fluid 
of given viscosity (μ) at low Reynolds number is 
  22
9
p f gRw
 


      (10) 
 
which demonstrates how the settling velocity decreases with the increasing viscosity of the 
fluid. As the viscosity of water increases with decreasing temperature it can be expected 
that the settling velocity of suspended particles, whether they be flocs or individual primary 
clay particles, will subsequently decrease with decreasing water temperature. If the 
temperature effects on the settling velocity was a significant driver of the annual turbidity 
cycle then it would be expected the turbidity would be highest during August when the water 
temperature is the lowest. This is not the case. 
The water temperature could also influence the formation of flocs which could drive an 
annual cycle in the settling velocity and subsequently potentially drive an annual component 
in the turbidity. However, if the temperature effects on floc formation was a significant driver 
of the annual turbidity signal then it would be likely that the turbidity during November 
December, January, February and March would be higher than during April and May. This 
is not always the case (Figure 4-41 & Figure 4-42). 
Salinity effect on bed and settling velocity 
The settling velocity and subsequently the turbidity at the Bremer Junction (72 km upstream) 
depends strongly on the salinity, with sediment only settling from the near-surface during 
slack water when the salinity is greater than ~1 g/L (§4.15). Due to the relatively slow 
increase in salinity in this region of the estuary, compared to further downstream, the effect 
of freshwater inflows on the turbidity signal are experienced for longer than further 
downstream. For instance, at Indooroopilly (42 km upstream) the salinity increases above 
1 g/L within half a month of a heavy rainfall event in February 2001 (Figure 4-42). As the 
effect of the increasing salinity beyond ~1 g/L did not appreciably impact on the turbidity 
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signal at the Bremer Junction (Figure 4-25), it is considered unlikely that the gradual 
reduction in turbidity from April to August 2001 at Indooroopilly was the result of the gradually 
increasing salinity. As the turbidity increased markedly in September 2001 whilst the salinity 
was increasing (Figure 4-42), it is further unlikely that salinity is a significant driver of the 
turbidity cycle mid estuary.  
It was not possible to discern if the increasing salinity at the Bremer Junction (72 km 
upstream) had any significant effect on the erodibility of the bed (§4.15). Similarly to the 
relationship between salinity and settling velocity, the abrupt increase in turbidity at 
Indooroopilly in September 2001 cannot be explained by the salinity, which continued to 
increase. 
Impact of turbulence on flocculation and turbidity 
The settling velocity of suspended flocs generally increases with increasing floc diameter 
(Winterwerp and Kesteren, 2004, Fig. 5.1, p. 127), which is also largely evident through 
Stokes’ law (Equation 10). Turbulence within the water column can result in floc aggregation 
through floc-floc collisions and disaggregation through turbulent shear (Winterwerp, 2002). 
Thus, it is perhaps feasible that the annual turbidity cycle in the estuary is driven, at least in 
part, by an annual cycle in the turbulence field within the estuary which drives an annual 
cycle in the settling velocity of the flocs and subsequently the turbidity.  
The tidal range follows a biannual cycle (Figure 4-42 and §A.5). Thus, it is unlikely that any 
effect on the settling properties of the flocs driven by the turbulence generated by tidal 
currents is a significant driver of the annual turbidity cycle. 
The turbidity of the estuary from April 2006 to April 2007 followed the usual annual cycle 
despite the absence of freshwater inflows and subsequently a continuously increasing 
salinity (Figure 4-45). Thus, any effects estuarine circulation or vertical salinity gradients 
have on the settling velocities of the flocs can also be discounted.  
Exposure of the lower intertidal zone to midday conditions 
Following investigations over the intertidal zone in the Minas Basin, Canada, it was proposed 
that deposition was driven by the shear strength of the surface sediment which was driven 
by atmospheric effects (Amos et al., 1988). Experiments conducted over a single tidal cycle 
in the Severn and Tamar estuaries, United Kingdom, demonstrated how the stability of the 
surface sediment increased with increasing daylight exposure. The increase in stability was 
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attributed to dewatering effects and the stabilising effects of diatom assemblages (Paterson 
et al., 1990). 
The lower intertidal zone is defined here as the region below the water level which is 
exceeded 75% of the time. The cumulative time over the previous 30 days for which the 
lower intertidal zone in the Brisbane Estuary is exposed during midday conditions has an 
annual cycle (Figure 4-47). It has previously been hypothesised that the exposure could 
have driven the net transfer of sediment from the subtidal zone to the intertidal zone during 
periods of decreasing turbidity and vice versa for periods of increasing turbidity. 
Measurements of the physical properties of the intertidal sediment along the Brisbane 
Estuary did not exist at the time, and numerical modelling was presented to substantiate the 
hypothesis (Nielsen & Callaghan, 2017a).  
Based on the bathymetric survey at Site 1 (§3.6), from late March to late July 2018, there 
was no significant volume change over the lower intertidal zone (Figure 4-48). Had the 
exposure of the lower intertidal zone to midday conditions been a significant driver of the 
turbidity signal within the estuary during this period, perhaps via changes in the water and/or 
organic content, sediment would be deposited over the lower intertidal zone as the turbidity 
decreased. The surveys demonstrate that this was not the case. Subsequently the writer 
now rejects the hypothesis stated in his previous work (Nielsen & Callaghan, 2017a). 
a) 
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b) 
Figure 4-47. (a) Fraction of preceding 30 days when the tide was below -0.45 m AHD (75% exceedance) from 
2001-2015 and (b) for when the tide was below this level between 10 am and 3 pm mid estuary. Each plot 
contains 15 lines for the 15 years of measurements. Tide measurements courtesy (TMR). 
 
 
 
Figure 4-48. Surveyed volumes of intertidal sediment at Jindalee referenced to the 01/11/2017 survey. For 
survey details refer §3.6. 
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Exposure of the mid-intertidal zone to solar radiation 
The exposed mud region at Site 1 (§3.3) occupies around 0.3 m of the intertidal zone in the 
vertical, centred around MWL (Figure 4-13). The cumulative exposure to solar radiation of 
this region is minimum in June-July and maximum in November-December (Figure 4-49). 
The water content of the exposed mud region (§3.7), decreased from August 2017 to 
January 2018 (§A.12). The strength of the exposed mud region, measured using the field 
cone drop system (§3.9), increased during this period (Figure 4-50). It is likely the increased 
exposure to solar radiation acts to reduce the water content and increase the strength of the 
bed. It is recognised that the 30 day window is somewhat arbitrary and other atmospheric 
conditions such as cloud cover, precipitation, wind and humidity could also drive, to an 
extent, physical changes in the exposed mud, as could deposits following heavy rainfall. 
Unlike the water content and strength which respectively decreased and increased, from 
August 2017 to January 2018, the volume of the exposed mud region increased and then 
decreased with no significant net change (Figure 4-22). Thus, it is unlikely the increasing 
exposure to solar radiation is a significant driver of accretion or erosion over the intertidal 
zone. If exposure to solar radiation is not a significant driver of sediment exchanges within 
the estuary, it is unlikely to be a significant driver of the annual turbidity cycle. 
 
 
Figure 4-49. Cumulative exposure to solar radiation (kWh/m2) over the previous 30 days for the exposed mud 
at Site 1, Brisbane Estuary, from August 2017 to August 2018. Solar radiation predictions courtesy Doggett 
(1976), tide measurements courtesy TMR. 
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Suspended organic matter 
As phytoplankton are suspended matter, they contribute to turbidity in the same way as 
suspended sediment does, and thus could potentially be a dominant driver in the temporal 
and spatial variations in the turbidity of the estuary. The highest concentration of live 
photosynthesizing phytoplankton occurs in August (Figure 4-23), when the turbidity of the 
estuary is relatively low (Figure 4-41). Thus, living phytoplankton are not contributing 
significantly to the turbidity by virtue of their bodies scattering light. 
As the longitudinal variation in the concentration of photosynthesizing phytoplankton is 
relatively consistent compared to the temporal variation, and there exists distinct longitudinal 
variation in the turbidity (Figure 4-40), it is unlikely that the phytoplankton is light limited. 
Thus, it is unlikely that the relatively high concentrations of phytoplankton in August are 
driven by the relatively low turbidity. This is unlike other estuaries where the longitudinal 
distribution of phytoplankton production often reflects the distribution of suspended sediment 
(Cloern, 1987). It is more likely in the Brisbane Estuary that the high concentration of 
phytoplankton in August is due to the favourably cool temperature of the entire estuary 
during this period (Figure 4-4). Unfortunately, the current state of knowledge of 
phytoplankton within the Brisbane Estuary is limited (HLW, personal communication, 2019). 
Figure 4-50. Depth of penetration using the cone drop test in the slime (blue), mud (brown) and B. monnieri
(green) regions of the intertidal zone at Site 1, Brisbane Estuary. 
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It is possible that the increased population of photosynthesizing organisms during August 
drives an increase in the production of Transparent Exopolymer Particles (TEP) which, by 
its sticky nature, binds sediment particles together to form flocs with increased settling 
velocity (Wolanski and Elliott, 2016, Chapter 3). By increasing the settling velocity of the 
suspended particles, the turbidity of the estuary would be reduced. Thus, it is possible that 
photosynthesizing organisms contribute to the annual turbidity cycle. An extensive data 
collection campaign, collecting in situ measurements of floc settling properties throughout 
the estuary and throughout the year would be required to quantify the contribution. 
Boat waves 
The council operated passenger ferry service (City Cats), extends 30 km upstream from the 
estuary mouth to St Lucia. Throughout the City Cats’ range the estuary is predominantly 
lined with engineered rock. The estuary is, however, used by recreational craft throughout 
its entire length. Although the waves generated by recreational craft, with the exception of 
wakeboarding boats, are smaller than those generated by the City Cats’, there is the 
potential for sediment to be eroded from the intertidal zone. To date no measurements on 
the waves generated by recreational vessels within the estuary exist. Temporal variations in 
recreation boat traffic could be driving some temporal variations in the turbidity. As the 
proposed strategy for reducing the turbidity within the Brisbane Estuary, to be developed in 
Chapter 7, involves protecting the intertidal zone from wind waves, the impact of waves 
generated by recreational vessels is also addressed. 
Sediment inputs from Moreton Bay 
The turbidity of the lower water column towards the estuary mouth follows an annual cycle 
similar to that of the turbidity throughout the estuary (Figure 4-51). It is possible that the 
annual turbidity cycle towards the estuary mouth is principally driven by the turbidity of 
Moreton Bay, which is largely driven by the wind and subsequently wave conditions. Due to 
the longitudinal density gradient within the estuary, there exists residual upstream currents 
in the lower water column (§4.16). Whilst the residual currents are fastest following flushing 
of the estuary, the residual currents would persist throughout years of relatively low rainfall, 
as the salinity within the estuary is progressively increased towards that of the bay. 
Combined with the temporally varying turbidity in the bay, the residual upstream currents 
would result in a temporally varying sediment input which could potentially, to an extent, 
drive the temporally varying turbidity throughout the estuary. 
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Past studies on the sediment budget of the estuary estimate the import from Moreton Bay 
at 460,000 t/y (Eyre et al., 1998). The mass is derived using maintenance dredging records 
from the dredged channels in the lower estuary. Predictions on the temporal variability of 
the import of fine sediment, or the fraction of imported sediment which migrates upstream 
beyond the maintained channels, does not presently exist.  
 
 
4.18 Summary 
The turbidity within the Brisbane Estuary cycles with the ebb-flood and spring-neap tidal 
cycles. The turbidity also has an annual cycle with a maxima around April and a minima 
around August. The annual cycle cannot be explained by rainfall related sediment inputs 
from the catchment, the tide, the longitudinal transport of sediment, temperature, salinity, 
turbulence, flocculation or subaerial exposure of the intertidal zone. Suspended organic 
matter, boat waves and sediment inputs from the bay could potentially be contributing to 
some extent. Further research is required before the contributions can be quantified. The 
physical processes which are likely the most significant drivers of the annual turbidity cycle 
are developed with the aid of numerical modelling in Chapter 6. 
Figure 4-51. Temporal variation in the turbidity below 10 m depth at 1 km upstream. Derived from 
measurements spanning 2000-2015. Maximum whisker length is 1.5 times the interquartile range and values 
beyond this are not plotted. Measurements courtesy (HLW, 2016). 
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5 Vegetation of the Brisbane Estuary 
5.1 Overview 
Much of the intertidal zone along the Brisbane Estuary is vegetated. As vegetation responds 
to, and influences, sediment dynamics within an estuary, vegetation must be considered in 
any study regarding turbidity. One objective of this thesis was to investigate whether local 
native vegetation could be used to reduce the turbidity of the Brisbane Estuary.   
Four native species inhabiting the intertidal zone along the Brisbane Estuary were 
considered:  grey mangrove (Avicennia marina); river mangrove (Aegiceras corniculatum); 
Bacopa monnieri and Crinum pedunculatum. The longitudinal and cross shore distribution 
of the respective species were recorded and the potential for reducing the turbidity of the 
estuary was evaluated. The conclusions drawn are based on field observations and 
experimentation, with findings discussed in the context of the complimenting literature. 
The milky mangrove (Excoecaria agallocha) was not considered in the context of reducing 
the turbidity of the estuary, as it naturally occurs higher in the intertidal zone than the other 
species considered. Excoecaria successfully colonises steep and rocky regions (Figure 5-1), 
demonstrating the potential for colonising the engineered rock walls which line much of the 
estuary. Beyond the scope of this thesis, the writer is working to expedite the colonisation 
of the rock walls by mangrove species already inhabiting the estuary. 
Figure 5-1. Excoecaria agallocha colonizing the steep and rocky intertidal zone along a length of the Brisbane 
Estuary. Photograph taken 03/09/2018. 
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5.2 The impact of flood flows 
Following sustained and heavy rainfall over the catchment, flood flows can break, flatten 
and uproot mangroves and smother the roots and leaves with deposits of mud. As a result 
of the 2011 flood, around 95% of the mangroves upstream of Breakfast Creek, died (Dowling, 
2012). Although not documented, other species of intertidal vegetation most likely suffered 
similarly high mortality rates. It was predicted that it would take around 10 years before the 
mangroves of the Brisbane Estuary would recover from the 2011 flood (Dowling, 2012). 
Based on the state of the mangroves in 2018, this estimate seems accurate (Figure 5-3). 
Figure 5-2. Locations along the Brisbane Estuary referenced in Chapter 5. 
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Figure 5-3. Aerial photographs indicating the mangrove damage and recovery following the 2011 flood, at Site 
2, 50 km upstream in the Brisbane Estuary. The three regions within the intertidal zone, comprising of exposed 
mud and the two mangrove species are marked in (a). The red dot in (c) is the location of photographs in 
Figure 4-21. Note the slumping of the intertidal zone evident in (b & c). Images courtesy Nearmap. 
 
  
a) 2009, pre flood 
b) 2011, 9 months post flood 
c) 2018, 7 years post flood 
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5.3 Grey mangrove (Avicennia marina) 
Description 
Avicennia marina, commonly known as the grey or white mangrove, or marran to the First 
Australians of Moreton Bay, is the most widely distributed mangrove in Australia (Lear and 
Turner, 1977). Where conditions are favourable, the species grows into a medium sized tree 
with a spreading leafy crown, in less favourable conditions the species develops into a 
relatively stunted form (Figure 5-4).  
a) b) 
  
Figure 5-4. (a) Mr Harment, Ms Johnson and Mr Le Pevedic (leading), walking through the mangrove forest 
where Avicennia grow into medium sized trees over the wide, sediment-rich intertidal zone at St Lucia (~30 km 
upstream). (b) In the sediment-poor rock walls of West End (~27 km upstream), which provide relatively 
unfavourable conditions, Avicennia grows into a relatively stunted form. 
 
Longitudinal and historical distribution 
The distribution of mangroves in the Brisbane Estuary was restricted to around the estuary 
mouth prior to the construction of Wivenhoe dam in 1984 (Dowling, 1986). Wivenhoe and 
Somerset dams, upstream of the estuary, lose water to evaporation at a significant rate 
(§4.7), and intercept flows from the upper catchment. Subsequently, the estuary is generally 
more saline and residual seaward surface currents are reduced compared to pre-Wivenhoe 
construction. Subsequently, the mangroves migrated upstream. Due to the sustained low 
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rainfall and reduced freshwater inflows into the estuary in 2004-2007 (Figure 4-6), the 
residual seaward surface flows would have likely reduced. Subsequently, the mangroves 
were again able to migrate further upstream (Figure 5-5). In September 2018, Avicennia 
were observed 65 km upstream. 
a) 2003, pre drought 
 
b) 2009, post drought 
 
Figure 5-5. Mangroves, or lack thereof, at Bellbowrie (58 km upstream) (a) pre-drought and (b) post-drought. 
Images courtesy of Google Earth and Nearmap. 
 
Beyond the range of the City Cat ferry service (§4.17), the mud is sufficiently soft and the 
wave climate sufficiently benign, that Avicennia propagules settle into the mud below Mean 
Water Level (MWL) and are capable of resisting displacement from the returning tide in less 
than 6 hours (Figure 5-6). This is in contrast to the findings from the intertidal zone in the 
Firth of Thames, New Zealand, where the propagules for the same species required a time 
window of 2-5 days for the roots to provide anchorage (Balke et al., 2015). The length of 
open water over which the wind can generate waves is considerably larger in the Firth of 
Thames, thus it is likely the ambient waves are larger and the mud more resistant to erosion. 
For example, a 10 m/s wind sustained for 3 hrs along a 3 km stretch of the Brisbane Estuary 
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will generate a significant wave height of less than 0.35 m. In contrast, the same wind 
directed along the Firth of Thames with its 100+ km fetch will generate a significant wave 
height of 0.9 m (Shore Protection Manual, 1984). 
 
 
Figure 5-6. Photograph taken looking upstream and cross river from the north shore at St Lucia (~30 km 
upstream) less than 1 km beyond the range of the City Cat ferry service. Avicennia propagules have set root 
and developed into seedlings in high numbers below the extents of the mature Avicennia. Photograph taken 
20/07/2017. 
 
 
Figure 5-7. Photograph equivalent to Figure 5-6, taken on 26/02/2018. All the Avicennia seedlings situated 
below the extents of the mature Avicennia died during the period between the two photographs. 
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Within the range of the City Cat ferry service (§4.17), the increased size and frequency of 
waves breaking on the intertidal zone results in a relatively sandy intertidal zone (Figure 5-8), 
compared to that immediately upstream of the City Cat ferry service (Figure 5-6). The sandy, 
and subsequently harder, bed inhibits the Avicennia propagules from setting root and 
developing into seedlings. The continuous disturbance from the waves, generated by the 
City Cat ferries, further inhibits the establishment of seedlings (Figure 5-8). Only 2 Avicennia 
seedlings were observed over ~70 m of shoreline across from the St Lucia City Cat terminal 
in 2017, and neither survived more than 6 months. This is in stark contrast to the relatively 
muddy intertidal zone 1 km upstream (Figure 5-6). The ability of mangroves to regenerate 
is inhibited by the passage of the City Cats, both directly due to disturbances caused by the 
breaking waves and indirectly by the relatively sandy intertidal zone formed due to the 
breaking waves.  
 
Figure 5-8. Photograph taken on the eastern shore across from the St Lucia City Cat terminal (~30 km 
upstream). Channel to the right. The photograph was taken less than 1 km downstream from that in Figure 5-6 
on the 20/07/2017. 
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Cross shore distribution 
One hundred Avicennia seedlings, already naturally situated below MWL in the slime at Site 
1, were secured to stakes to provide resistance from dislodgement by floating debris and 
tidal currents (Figure 5-9). Despite the protection, all staked and non-staked seedlings below 
MWL at Site 1 died within 12 months. The seedlings below the natural extent of the mature 
mangroves at St Lucia (Figure 5-6), also had died within 12 months (Figure 5-7). 
Observations and experiments performed on Avicennia in Botany Bay and Jervis Bay, NSW 
Australia, demonstrated that all seedlings beyond the range of the mature mangroves died 
within 2 years. It was suggested that the mortality of seedlings beyond the extent of mature 
mangroves was due to waterlogging or prolific algal or barnacle growth (Clarke and 
Myerscough, 1993). Observations and experiments in the Firth of Thames, New Zealand, 
demonstrated that Avicennia do not promote net sedimentation and only colonise existing 
regions of suitable elevation (Swales et al., 2015). 
Along the Brisbane Estuary, the death of Avicennia seedlings below the extents of mature 
Avicennia is likely due to stresses caused by frequent inundation and perhaps water logging, 
which limit the natural range of the species generally to above MWL. The inability of the 
Avicennia in the Brisbane Estuary to colonise lower regions of the intertidal zone 
demonstrates consistent behaviour with the previously listed studies. 
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Figure 5-9. Photograph taken looking towards the channel of Mr Nielsen (the writer) securing Avicennia 
seedlings to stakes below MWL in the slime at Site 1, Jindalee (52 km upstream). Photograph taken 
05/07/2017. 
 
Interestingly, Avicennia seedlings at Site 1 at Jindalee above MWL and amongst the stumps 
of mangroves killed in the 2011 flood did not survive into saplings. Feral deer frequent the 
intertidal zone and are considered likely culprits for the eventual disappearance of the 
Avicennia seedlings. 
Scope for reducing turbidity 
On 11 February 2018, a maximum wind gust of 89 km/hr was recorded at Archerfield airport 
(BOM). The energetic winds likely generated waves which resulted in the erosion of intertidal 
sediment at St Lucia (Figure 5-10). It is likely the mangrove roots alleviated the observed 
erosion, however, the sediment that was eroded likely contributed significantly to the 
turbidity of the estuary (Figure 6-15). 
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Figure 5-10. Photograph taken amongst the pneumatophores of mature Avicennia at the same location as that 
in Figure 5-6. The intertidal zone is in an eroded state, as evident from the exposed fine horizontal roots. 
Aegiceras seedlings (§5.4) preferentially set root amongst the pneumatophores. No Aegiceras seedlings set 
root beyond the pneumatophores. Photograph taken on 26/02/2018. 
 
Mature Avicennia within the estuary release plentiful propagules. Thus, upstream of the City 
Cat service, the regions of the intertidal zone where mature Avicennia will establish are 
readily colonised. As seedlings below the vertical range of mature plants have been 
observed to eventually die, targeted planting of Avicennia into the mud or slime below the 
established mature plants are unlikely to survive. Immediately following significant flood 
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events, which kill mature Avicennia, there is scope to boost recolonization by assisted 
propagation. 
Within the range of the City Cat ferries, where natural colonisation is inhibited due to the 
waves and rock walls, there is scope to boost the populations of Avicennia by significantly 
increasing the rate of colonisation with targeted planting works. For instance, mature 
Avicennia do live in the rock walls of the Brisbane Estuary in low numbers (Figure 5-4 b & 
Figure 5-11 a). The numbers are low as rock walls do not provide a suitable medium for 
propagules to develop into seedlings. However, as a few mature plants are growing amongst 
the rocks, it is likely that young plants provided with a suitable “head-start” will develop into 
mature plants. Such planting has its challenges and is currently the topic of ongoing 
research. Currently bamboo pots are being trialled. Avicennia propagules are provided the 
time required to develop into young plants within bamboo pots. The pots are then placed 
amongst the rocks along the estuary. Ideally the young plants continue to grow and spread 
their roots beyond the confines of the pots and into the surrounding rocks before the bamboo 
pots disintegrate (Figure 5-11). The assisted colonisation works would provide ecological 
benefits to the estuary, however the effect on the turbidity is difficult to quantify as the 
existing annual cycle in the turbidity signal is not related to exchanges between the rock 
walls and the subtidal zone. 
a) 
 
 
 
 
b) 
 
c) 
 
 
 
 
 
 
 
 
 
Figure 5-11. a) Young Avicennia planted into a rock wall using bamboo pots along the Brisbane Estuary with 
mature Avicennia in background. b) Young plant in bamboo pot amongst rocks. c) pot removed from rocks to 
reveal how roots are beginning to spread beyond the pot before the pot disintegrates. Photograph taken on 
the west bank, 1.5 km upstream of the CBD on the 12/05/2019. 
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5.4 River mangrove (Aegiceras corniculatum) 
Description 
Aegiceras corniculatum (Figure 5-12), commonly known as the river mangrove, is distributed 
on the East Coast of Australia from Cape York to Kiama, NSW. The species grows into a 
bushy shrub or slender tree, often colonising the seaward and landward fringes of mangrove 
stands (Lear and Turner, 1977). 
 
 
 
Figure 5-12. Photograph taken looking downstream at Site 2, Jindalee (50 km upstream). The Aegiceras have 
colonised the intertidal zone beyond the extents of the mature Avicennia. The fine horizontal roots of the 
Aegiceras are visible following erosion of the surface sediment by waves. Photograph taken 27/02/2018. 
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Longitudinal and historical distribution 
Similarly to Avicennia, the distribution of Aegiceras has advanced upstream with time when 
the residual surface currents reduced (§5.3). In September 2018, Aegiceras were observed 
65 km upstream. 
Cross shore distribution 
The competitiveness of a species is generally inversely proportional to its tolerance to 
environmental stress. Thus competitively superior species are usually located within the 
least stressful zones and competitively inferior species displaced to the more stressful zones 
(Pennings et al., 2005). This has been observed with the zonation of saltmarsh vegetation 
of Rhode Island, USA, where Spartina alterniflora dominates the physically stressful low 
marsh due to its tolerance of anoxic soils but is outcompeted in the high marsh by Spartina 
patens (Bertness, 1991). This is also the case in the Brisbane Estuary with the taller 
Avicennia generally dominating the higher intertidal zone and the shorter Aegiceras 
inhabiting the lower regions of the intertidal zone where Avicennia cannot survive. Such 
zonation is clearly evident in Figure 5-3a. Aegiceras also occasionally occupy the landward 
fringe of the Avicennia along the Brisbane Estuary, when the conditions are likely 
unfavourable for the Avicennia.  
In the Brisbane Estuary upstream of the City Cat service, Aegiceras seedlings were not 
observed below MWL. This is in contrast to the Avicennia seedlings (Figure 5-6). Aegiceras 
propagules are significantly smaller than those of Avicennia and are thus more susceptible 
to fluid drag forces. Furthermore, Aegiceras propagules, which are long and slender, were 
observed to bend into the shape of a banana, propping themselves upright, before 
substantial roots are set. This further increases the likelihood of dislodgement before a 
seedling can develop. Subsequently, Aegiceras seedlings were observed most commonly 
where shelter was provided. In many instances, such shelter was provided by the 
pneumatophores of mature Avicennia (Figure 5-10). The density of Aegiceras seedlings 
behind the wave shield deployed at Site 1, was approximately six times higher than along 
the unprotected shoreline (Figure 3-14).  
As discussed, the literature provides evidence that Avicennia seedlings cannot survive 
below MWL (Clarke and Myerscough, 1993), which is consistent with the observations in 
the Brisbane Estuary. A similar body of work did not determine if Aegiceras seedlings could 
survive below MWL (Clarke, 1995) and to the writer’s knowledge, no such information exists 
in the literature. As Aegiceras seedlings were not observed below MWL, and thus were not 
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observed to eventually die below MWL, there is the potential that the cross shore extent of 
Aegiceras is not limited by the extent of conditions favourable to mature plants but by the 
extent of conditions where seedlings could set root. Thus, there is the potential that 
Aegiceras seedlings transplanted below MWL could survive to maturity. 
Although the experiments require additional time before conclusions can be drawn with 
confidence, to date, it would appear that Aegiceras seedlings will grow below MWL (Figure 
5-13). Thus, the likely reason Aegiceras do not inhabit the intertidal zone much below MWL 
is because the propagules cannot set root and form seedlings, not because the conditions 
are too harsh for long term survival. Perhaps it is a survival strategy of the Aegiceras that 
seedlings deposited in exposed regions are washed away, potentially to settle at a later 
stage in a more favourable location to mature. Such a strategy makes sense from the 
perspective of the long-term survival of individuals, as seedlings growing beyond the shelter 
of neighbouring mature plants are likely to be eventually dislodged by debris, currents or 
waves. Thus, without intervention, Aegiceras will not readily recolonise exposed regions of 
the intertidal zone but rather gradually migrate outwards from existing stands of vegetation. 
Scope for reducing turbidity 
While 12 months is insufficient time to confidently draw conclusions into whether Aegiceras 
can be successfully raised into maturity below MWL, the species is showing potential for 
reducing the turbidity of the estuary. By planting seedlings into regions of the intertidal zone 
currently without vegetation, regions of the intertidal zone will be stabilized by the roots and 
sheltered from waves. 
As for Avicennia, there is scope for improving the ecological functioning of the Brisbane 
Estuary by assisting the Aegiceras to colonise the rock walls of the lower estuary (§5.3). 
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Figure 5-13. Aegiceras seedlings transplanted from above MWL into the slime at ~0.2 m below MWL at Site 
1, Jindalee (52 km upstream). Photograph taken on the 28/06/2018, a year following the transplant. 
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5.5 Bacopa monnieri 
Description 
Bacopa monnieri (Figure 5-14), is a herb widely distributed in the tropics and subtropics 
adjacent or within water bodies. The species is a popular aquarium species and can survive 
permanently underwater (Ribeiro et al., 2015).  
 
 
Figure 5-14. Photograph taken at low tide at Site 1, Jindalee (~52 km upstream) looking downstream. The lush 
ground cover is B. monnieri which has colonised where the Avicennia grew prior to the mass mangrove die 
backs following the 2011 flood (stumps remain). Photograph taken 15/01/2018. 
 
Longitudinal and historical distribution 
B. monnieri cover within the intertidal zone of the estuary increased following the 2011 floods 
and subsequent mass mangrove mortality. In 2018, B. monnieri was growing in sufficient 
density to form meadows on the intertidal zone between Jindalee and Belbowrie (50 – 58 km 
upstream). 
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Cross shore distribution 
B. monnieri has colonised elevations above ~0.2 m MWL in the estuary. As B. monnieri can 
survive permanently submerged in fish tanks, it was possible that the cross shore distribution 
was limited by its ability to colonise regions below MWL and not because mature plants 
could not tolerate the harsher conditions. B. monnieri is readily propagated using cuttings, 
however fragments of B. monnieri float, which potentially limited the self-colonisation of the 
lower intertidal zone. 
An experiment was performed where turfs of B. monnieri were transplanted from the upper 
intertidal zone all the way down to the spring low water level (Figure 5-15). Within 12 months 
the B. monnieri had died back to its naturally occurring cross shore distribution. The findings 
are consistent with those in Massaguaçu River estuary, southwestern Brazil, where B. 
monnieri transplanted below the natural range also died (Ribeiro et al., 2015). It was 
suggested that the lack of light due to the turbid water column was the reason for the death 
of the transplanted plants in the Massaguaçu River estuary (Ribeiro et al., 2015). As the 
water at Jindalee in the Brisbane Estuary is more turbid than a well maintained fish tank, it 
is considered likely that the lack of light was a significant driver of the eventual death of the 
transplanted B. monnieri. 
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Figure 5-15. Photograph taken facing the channel at Site 1, Jindalee (52 km upstream) of an experiment to 
test the potential cross shore distribution of (left) C. pedunculatum and (right) B. monnieri. Plants were planted 
from above MWL down to spring low water level. Photograph taken 16/11/2017. 
 
Scope for reducing turbidity 
B. monnieri does promote the net deposition of sediment where it is established, as is 
evident in the bathymetric surveys conducted over 12 months at Jindalee (§3.6). However, 
like Avicennia, B. monnieri readily colonises the regions of the intertidal zone where it will 
survive. Thus there is little benefit in intervening, except perhaps after flood flows which 
result in mass mortality. 
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5.6 Swamp lily (Crinum pedunculatum) 
Description 
Crinum pedunculatum, commonly known as the swamp or spider lily, is a perennial herb 
inhabiting the East Coast of Queensland, Australia. The plant has leaves up to 2 m long and 
0.2 m wide, with white, lily like flowers (Ryan, 2003).  The plants growing in the Brisbane 
Estuary are seldom over 1.5 m tall and wide (Figure 5-16). 
 
 
Figure 5-16. Photograph taken looking downstream over the intertidal zone at Jindalee (~52 km upstream). 
The C. pedunculatum, pictured flowering, naturally colonises regions below the B. monnieri or mangroves. 
Photograph taken 3/10/2010. 
 
Longitudinal and historical distribution 
C. pedunculatum are known to exist in the Brisbane Estuary from the tidal limit down to St 
Lucia (30 km upstream). The plants at St Lucia grow naturally towards high water level, with 
those planted below MWL dying within 3 months. C. pedunculatum do not occur naturally 
below MWL until upstream of Fig Tree Pocket (46 km upstream). Thus, it is likely that the 
additional stress of the relatively high salinity downstream of Fig Tree Pocket prevents the 
plants from growing lower in the intertidal zone.  
Similarly to B. monnieri (§5.5), it is likely that the abundance of C. pedunculatum upstream 
of Jindalee increased following the mangrove mortality resulting from the 2011 flood due to 
reduced competition. 
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A similar species, perhaps the same, was identified in the intertidal zone as far down as 
Bulimba (16 km upstream) by Allan Cunningham, a botanist, during the second European 
voyage up the estuary. Cunningham wrote in his journal on the 17 September 1824: 
“a Crinum growing in the mud, that is daily covered by each flood tide was in flower, 
and from its short peduncle, narrow leaves, and altogether smaller habit than C. 
pedunculatum, it was important to examine it; however our boat was rapidly proceeding 
upwards, and it was an object to prevent a loss of time, it was proposed to collect these 
fine subjects in our descent to the Vessel”. (Steele, 1972, p. 153) 
The “Crinum” were also noted by Cunningham to be abundant on the intertidal zone around 
Mount Ommaney (54 km upstream) on the 18 September 1824 (Steele, 1972, p. 155). 
Cross shore distribution 
C. pedunculatum, upstream of Jindalee, naturally inhabits the intertidal zone down to ~0.2 m 
below MWL, below the vertical extents of the other vegetation (Figure 5-16). At St Lucia the 
C. pedunculatum are smaller than those upstream of Jindalee and inhabit the higher regions 
of the intertidal zone amongst the Avicennia. At St Lucia, C. pedunculatum planted below 
MWL, beyond the extents of the mangroves, have not survived, potentially because the 
higher salinity limits their tolerance to frequent inundation. The median salinity at St Lucia is 
~18 g/L, compared to ~6 g/L at Jindalee (Figure 4-27). The most downstream location of a 
C. pedunculatum growing around MWL was observed in September 2018 at Fig Tree Pocket 
(46 km upstream). Variations in the cross-shore distribution of other intertidal vegetation has 
been observed in other studies. The variation in the cross-shore extents of the salt marsh 
species Spartina alterniflora between different locations was largely attributed to tidal range, 
but also latitude and salinity (McKee and Patrick, 1988). 
An experiment on the buoyancy of C. pedunculatum propagules demonstrated that less than 
50% sunk within 1 week. Thus, as with the Aegiceras propagules (§5.4), the C. 
pedunculatum propagules are usually disturbed before the roots can provide sufficient 
stability. This was also considered a probable cause for the absence of Crinum americanum 
in the most frequently flooded zones of the Massaguaçu River estuary, South Brazil, where 
it was also noted that further investigation was required (Ribeiro et al., 2011). During this 
thesis, young C. pedunculatum plants were sourced from a native plant nursery and planted 
from around MWL down to the low water spring level at Site 1, Jindalee (Figure 5-15). After 
18 months the transplanted C. pedunculatum were looking healthy above 0.3 m below MWL. 
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There was a distinct gradient in the growth rates of the plants, increasing with elevation 
within the intertidal zone (Figure 5-17). 
 
 
Figure 5-17. Photograph taken looking downstream over the intertidal zone at Jindalee (~52 km upstream). 
The white line drawn on the photograph helps to identify the three surviving C. pedunculatum, planted in 
November 2017 (Figure 5-15). The lowest surviving plant is ~0.3 m below MWL and has survived for the 
18 months since planting. Photograph taken 12/05/2019. 
 
Scope for reducing turbidity 
It is proposed that targeted planting of C. pedunculatum be adopted to effectively reduce 
the turbidity of the Brisbane Estuary. In their mature form, C. pedunculatum are broad dense 
plants which, when planted in lines, would be capable of shielding the intertidal zone from 
waves (Figure 5-18). Due to the salinity tolerance of C. pedunculatum, planting would be 
restricted to upstream of Fig Tree Pocket (46 km upstream). Fortuitously the Brisbane 
Estuary transports fine sediment (silt and clay) upstream into the zone where C. 
pedunculatum survive. The details of the proposed strategy are provided in Chapter 7. 
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Figure 5-18. The writer posing in front of C. pedunculatum planted in high density at Colleges Crossing Park. 
If C. pedunculatum planted in high density lines below MWL in the intertidal zone could grow to at least half 
the size of those pictured, they would shelter the intertidal zone from waves. The plants planted during this 
thesis will continue to be monitored into the future. 
 
5.7 Summary, RQ3 answered 
Crinum pedunculatum has demonstrated the potential to be planted in a dense line below 
MWL. Continued monitoring of the plants planted will determine whether they grow large 
enough, and with a sufficiently high survival rate, to shield the intertidal zone from waves. 
Chapter 6 demonstrates how the turbidity of the Brisbane Estuary reduces significantly 
during periods when the waves breaking over the intertidal zone are relatively small. During 
the periods of relatively small waves, fine sediment is transferred to the intertidal zone which 
drives a reduction in the turbidity of the estuary. Chapter 7 demonstrates how C. 
pedunculatum could be planted to shelter the intertidal zone from waves and thus promote 
the net transfer of fine sediment onto the intertidal zone, and subsequently reduce the 
turbidity of the estuary. 
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6 Drivers of the turbidity cycle of the Brisbane Estuary 
6.1 Overview 
A numerical modelling system was developed to complement the measurements and 
elucidate which estuarine processes drive the turbidity cycle within the Brisbane Estuary. 
Throughout this chapter, the estuarine processes are progressively introduced and the 
complexity of the model progressively increased to enable the modelling of the turbidity over 
progressively longer timescales. The results from three models are presented. The first 
demonstrates the dependence of the turbidity on the tide induced bed shear stress over 
ebb-flood tidal cycles, the second demonstrates the dependence of the turbidity on the 
history of the subtidal bed over spring-neap tidal cycles and the third demonstrates the 
dependence of the turbidity on the exchanges of fine sediment (silt and clay) between the 
sub and intertidal zones over annual timescales. 
Models intended at simulating the turbidity of the Brisbane Estuary have been developed 
previously (Botelho, 2015; Yu et al., 2014). However, the model developed during this thesis 
is the first to include the intertidal zone as a source and sink of fine sediment. Whilst the 
understanding of the physical processes within the estuary has progressed beyond what 
was presented in Nielsen and Callaghan (2017a & 2017b), the modelling system and 
methodology remains consistent. 
6.2 Modelling system 
Process based, as opposed to statistically based, modelling was performed to elucidate 
which physical processes drive the turbidity of the Brisbane Estuary at different timescales. 
A progression of process based models was developed, progressively incorporating the 
estuarine processes required to model the turbidity cycle over progressively longer 
timescales. The various estuarine processes were represented by a series of equations 
solved on a 15 minute timestep in Matlab. Parameters which controlled the relative 
magnitude of physical processes, for example, the settling velocity and erosion rate could 
be adjusted by the user through a graphical user interface and the results almost instantly 
updated. 
The hydrodynamic boundary conditions forcing all three process based models were 
obtained from a 2D flexible mesh model of the Brisbane Estuary. The 2D model was created 
using the flexible mesh, finite volume numerical software package TUFLOW-FV (Teakle, 
2013). The 2D model simulated the tidal flows throughout the estuary using measured water 
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levels at the estuary’s mouth. The hydrodynamic inputs (water level and bed shear stress) 
required by the process based models were extracted from a point within the 2D model’s 
domain at a location adjacent to where the turbidity measurements were collected (Figure 
6-1). The wind boundary condition, forcing the third process based model, was sourced from 
wind data collected at Archerfield Airport (BOM). The initial conditions and the warmup 
period required for the respective models are detailed in the respective sections (§6.5, 6.7 
& 6.14). 
Model results were compared with turbidity measurements collected during past studies 
(Howes et al., 2002) and by the Port of Brisbane. The turbidity measurements were collected 
towards the surface from a moored buoy at Indooroopilly (42 km upstream) from October 
2000 to December 2004 (Figure 6-1). The measurements were collected downstream of a 
sharp bend in the estuary, which provided enhanced mixing across the channel and 
throughout the water column. The turbidity measurements on flood tides are sporadic, with 
low values often measured immediately prior to, or following high values (Figure 6-22, lower 
left). This behaviour is indicative of distinct plumes of sediment advecting past the instrument. 
On ebb tides, the turbidity measurements are not sporadic, indicating the flows around the 
sharp bend have provided effective mixing. As will be discussed later in this section, the 
results from the process based models are representative of the estuary in the well mixed 
state, and hence are more closely aligned with the data on the ebb tide (Figure 6-22, lower 
left).  
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The three process based models simulate the suspended sediment concentration. When 
the suspended solids concentration is high in the Brisbane Estuary, suspended sediment is 
the dominant contributor to the suspended solids concentration (§1.3). During periods of low 
suspended solids concentration, the relative contribution from dead and/or alive organic 
matter which does not settle in water is increased. Subsequently, the process based models 
are less accurate during neap tides, as detailed later when model results are compared to 
the data (§6.14). Within this chapter SSC stands for Suspended Sediment Concentration 
and not the suspended solids concentration. The difference, as defined in this thesis (§6.3), 
being that the suspended solids includes particles which do not settle through water. 
The data which the process based models are compared to are turbidity, a measure of the 
extent to which light is scattered by suspended particles (§1.2). The models simulate the 
settling and resuspension of sediment and thus simulate the SSC, and not the turbidity. The 
Figure 6-1. The mesh of the 2D numerical tide model of the Brisbane Estuary. The model extends from the 
estuary’s mouth in Moreton Bay to the tidal limit. The pink star indicates the location of the data buoy collecting 
turbidity measurements at Indooroopilly (42 km upstream). The bed shear stress used in the process based 
modelling was extracted from the 2D model adjacent this location. The tidal excursion depicted was derived 
using results from the 2D model. 
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physical relationship between suspended solids concentration and turbidity is detailed in 
§1.2. Water sample data collected over almost 40 years demonstrates that the turbidity - 
suspended solids concentration relationship, generally applicable throughout the Brisbane 
Estuary, is 1:1 (Figure 1-3). As suspended sediment is a significant contributor to the 
suspended solids concentration in the Brisbane Estuary, the relationship is likely also 
applicable for the turbidity – SSC relationship. The linear and near 1:1 relationship between 
turbidity and SSC within the Brisbane Estuary has also been previously demonstrated with 
a considerably smaller data set (Hossain et al., 2004, Figure 3). Thus, the turbidity 
measurements and results from the three process based models are considered equivalent. 
The process based models simulate the SSC representative of that over a cross-section 
moving with the tidal flow. By assuming that suspended sediment travels with the horizontal 
velocity of the tidal flow, the advection terms can be omitted. Model results are however 
compared directly to measurements collected from a location fixed in space. For an analysis 
based on a moving reference frame to be equivalent to a reference frame fixed in space, 
the conditions within the extents to which the reference frame moves must be uniform. Thus, 
in the following analysis, it is assumed that the instantaneous conditions representative of 
those over a cross-section, such as the sediment flux from the bed or the SSC, are 
everywhere equal along the estuary for a distance of half the tidal excursion both 
downstream and upstream of the data buoy. Since the length of the tidal wave is much 
greater than the tidal excursion during large spring tides (~250 km to ~11 km), hydrodynamic 
conditions over the tidal excursion are almost in phase. For instance, the bed shear stress 
5 km downstream of the buoy peaks around 10 minutes prior to that 5 km upstream of the 
buoy. This shift can be considered insignificant when compared to the ~6 hrs between 
consecutive peaks in flood and ebb bed shear stress. The estuary bends and is of variable 
width and depth over the ~11 km encompassing the buoy (Figure 6-1). It will be 
demonstrated however, by comparing the model results and measurements, that the 
assumption of uniform conditions along the tidal excursion is sufficiently accurate. 
The time varying bed shear stress used in the process based models was extracted from 
the 2D model at the centre of the channel (~14 m depth) adjacent to the data buoy (Figure 
6-1). It is not assumed that the bed shear stress is uniform across the estuary, rather that 
the distribution of bed shear stress across the estuary is consistent within the limits of the 
tidal excursion encompassing the buoy. Parameters are included with the bed shear terms 
in the process based models to achieve a sediment flux from the bed and a subsequent 
SSC representative of the cross-section (Equation 11). 
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Within the process based models, both the flux of sediment between the bed and water 
column and the SSC are representative of the estuary’s cross-section in the vicinity of the 
data buoy. Vertical turbulent mixing is not represented explicitly within the process based 
models, with the SSC and settling velocity considered vertically uniform. Subsequently, as 
discussed previously within this section, the model results are more consistent with the 
measurements on the ebb tide, when the flows around the sharp bend provide extensive 
mixing and the turbidity across the channel cross-section are relatively more uniform.  
Three process based models were developed. The first demonstrates the dependence of 
the turbidity on the tide induced bed shear stress over ebb-flood tidal cycles, the second 
demonstrates the dependence on the history of the subtidal bed over spring-neap tidal 
cycles and the third demonstrates the dependence on the exchange of fine sediment 
between the sub and intertidal zone over annual timescales. 
Whilst the modelling is validated against measurements collected mid estuary (Figure 6-1), 
it is considered representative of the ~35km length from at least as far downstream as New 
Farm, to at least as far upstream as Westlake (Figure 2-1). Downstream of this reach the 
effect of the conditions prevailing over Moreton Bay become increasingly dominant, and 
upstream of this reach the effect of heavy rainfall becomes increasingly dominant. 
 
6.3 Cohesion and flocculation 
Definitions 
Textbooks on the subject of fine and/or cohesive sediment transport comprehensively 
introduce the composition, behaviour and classification of such sediment (Mehta, 2013; 
Winterwerp & Kesteren, 2004). From within the broad discipline of sediment dynamics, only 
the processes which are significant drivers of the turbidity of the Brisbane Estuary are 
introduced in this thesis. Thus, only a relatively limited number of terms are utilised and are 
defined in the following. 
It is defined in this thesis that “sediment” comprises of granular material which will settle 
through water due to gravity. The grains can be different sizes, different shapes and of 
mineral or organic origin. The term “fine sediment” is defined in this thesis as sediment 
without appreciable sands or coarser grains. Thus, fine sediment when wetted and rubbed 
between the fingers feels smooth and silky. The physical characteristics of the mixture of 
clays, silts and organic material, which constitute fine sediment, whether in suspension or 
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within the bed of the sub and intertidal zones, are dependent on numerous physical drivers 
and thus differ spatially and temporally throughout the Brisbane Estuary.  
Within the Brisbane Estuary, the sediment in suspension towards the surface during tidal 
flows is predominantly fine (Neumann, 2004). The mass contribution of fine sediment to the 
sediment within the sub-tidal bed has a distinct longitudinal distribution (§4.11). The intertidal 
zone not constrained by naturally occurring or engineered rock, is mostly comprised of fine 
sediment (Figure 4-16). Coarse and mixed sediment are defined in §6.11, 6.12 & 6.13. 
Organic matter, which does not settle in water, is also present within the intertidal zone of 
the Brisbane Estuary (§4.14). When combined with fine sediment, this mixture is referred to 
in this thesis as either “mud” or “slime”. The distinction between mud and slime is based on 
the water content and strength (§3.7 & §3.9). Thus, the terms mud or slime are not used in 
Chapter 6 when referring to suspended matter. The definition is relaxed in the abstract and 
Chapter 7. Very little is known regarding the fate of the non-settling organic matter following 
erosion from the intertidal bed. Organic matter within the intertidal bed is unlikely to be a 
significant driver of the annual turbidity cycle (§4.17), and in subsequently not included in 
the modelling. The non-settling organic matter does however contribute to the turbidity 
during slack water conditions, especially during neap tides. This is because, in reality, the 
non-settling matter remains in suspension to contribute to the turbidity. 
What is cohesive behaviour? 
A sediment is considered in this thesis to behave cohesively if two samples are put in contact 
and the contact is capable of withstanding a tensile load. Thus, a sample of oven dried clay 
does not behave cohesively, as two samples derived by cracking an original with a hammer 
will not withstand a tensile load when reconnected. Partially saturated sand, such as wet 
sand exposed to air, does behave cohesively. The below atmospheric pore water pressure, 
generated by surface tension, pulls the grains together, and with only minor disruption of the 
surface grains and rearrangement of the menisci two samples will “fuse”, with the joint 
capable of withstanding a tensile load.  
Sediment comprising almost purely of sand grains, such as beach sand, will not behave 
cohesively when transported by water as the large pore spaces ensure efficient drainage, 
saturation and thus the elimination of the effects of surface tension. Very fine quartz grains 
(10-50 μm) have been demonstrated to behave cohesively although the cohesive forces are 
not well understood (Roberts et al., 1998). Based on the experimental procedure in Roberts 
et al. (1998), the writer considers that the samples of very fine quartz grains may have been 
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unsaturated. A sediment consisting of mostly sand with some clay will behave cohesively, 
as the clay grains bond to one another, depending on the chemistry of the pore water. 
Organic material mixed with sand grains can also result in the sediment behaving cohesively. 
Both phenomena will be discussed in the following.  
What makes a sediment behave cohesively? 
The cohesive behaviour of a sediment comprising of mineral grains depends largely on the 
interaction between the primary clay particles and cations within the pore water or water in 
which the sediment is suspended. The net effect of the attractive and repulsive forces 
determines whether there is cohesion. Primary clay particles are characteristically plate like, 
with a large surface area of negative charge and edges of positive charge (Winterwerp & 
Kesteren, 2004, pp. 36-38). For the primary clay particles to attract one another the negative 
charges on the particle surfaces must be neutralised by positive charges. Once the negative 
charges are neutralised, the attractive Van der Waal forces acting between the particles 
ensures cohesiveness. The negative charges are neutralised by positively charged ions, 
which in sea water originate from Na atoms which first gave up an electron from their outer 
shells to form ionic bonds with Cl atoms to form NaCl. The Na+ ions were then removed from 
the Cl- ions to bond with the positively charged O atoms within H2O. The number of Na+ ions 
has an effect on the extent to which the repulsive negative charges between the primary 
clay particles are neutralised and thus the extent to which the particles can join to form larger 
structures. The larger structures generally settle faster as indicated by Stokes’ law (Equation 
10). 
A polymer chain can bond to, or absorb onto, the face of a primary clay particle in multiple 
locations, forming loops and tails (Figure 6-2). These loops and tails can then bond to the 
faces of other primary clay particles to form larger structures. If the loops and tails are of 
sufficient length, then the larger structures can form even without the neutralising effect of 
Na+ ions. The cohesive behaviour of a sediment in the estuarine environment is often 
dependent on the interaction between organic polymer chains and clay particles (Wolanski 
& Elliott, 2016).  
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What are flocs? 
The larger structures formed when primary clay particles are bonded together via either Van 
der Waal forces, polymer chains or both are referred to in this thesis as flocs. The term 
“aggregates” is not used as the word carries connotations of coarse grained sediment within 
Civil Engineering fields. Flocs can contain 1,000’s to 10,000’s of individual clay particles, 
with water contents of 80-98% by volume (Winterwerp & Kesteren, 2004, p 44). As flocs 
grow, the settling velocity generally increases despite the effective density decreasing (Dyer 
& Manning, 1998). However, in-situ measurements of flocs in the Tamar Estuary, England, 
demonstrate that flocs of the same size can have a wide range of settling velocities (Manning 
et al., 2006). Flocs in suspension can collide with other flocs to form larger flocs, or be broken 
into smaller flocs by the shear stress and vigorous accelerations within the turbulent flow 
field. In-situ measurements of flocs collected within an estuary over spring-neap tidal cycles 
have demonstrated that the floc size, and generally the settling velocity, is significantly 
higher during spring tides than during the neap tides, when the Suspended Sediment 
Concentration (SSC) and the turbulent mixing is relatively reduced (Manning et al., 2006). 
Measurements collected from the Yangtze Estuary, China, and supplementary laboratory 
experiments, have demonstrated that there is a defined relationship between SSC and 
Figure 6-2 A schematisation of a polymer chain (blue) absorbing onto the face of a primary clay particle 
(brown). Any loops and tails formed, are available to absorb onto other primary clay particles to form larger 
structures. Redrawn from (Hunter, 2001, Fig. 1.7.1). 
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chlorophyll-a concentration, with the larger floc sizes attributed to biological processes 
(Deng et al., 2019). 
An eroding bed will often release flocs, rather than individual primary particles. Once a floc 
has settled onto the bed, its constituent clay particles and/or polymer chains will bond with 
others to contribute to the bed. 
Does the sediment behave cohesively in the Brisbane Estuary? 
The sediment within the Brisbane Estuary is largely composed of smectite, kaolinite and 
quartz. The minerals are consistent with those found in the black, cracking, clay rich soils 
(vertosols) of the Lockyer Creek and Bremer River flood plains (Howes, 2002).  
Consistent with the above, around 60% of dispersed particles from samples collected from 
the mud and slime regions of the intertidal zone at Jindalee (~50 km upstream) were smaller 
than 2 μm, and ~90% smaller than 20 μm (Figure 4-16). Thus, the sediment is likely to 
contain significant quantities of primary clay particles with the capacity to form flocs in the 
presence of Na+ and/or polymer chains.  
Fourteen years prior to the analysis of the sediment from the intertidal zone at Jindalee, a 
particle size distribution analysis was performed on suspended sediment collected from the 
channel (Neumann, 2004). The analysis was performed both in-situ and in the laboratory. 
The mean particle size of the flocs measured in-situ was around 20 μm, which was twice the 
size derived from the laboratory analysis. This discrepancy was attributed to the breakup of 
the flocs during handling (Neumann, 2004). 
The extent to which fine sediment in the Brisbane Estuary behaves cohesively is 
demonstrated in §4.15, where the influence of salinity on the settling velocity of the sediment 
and subsequently on the turbidity is demonstrated. 
 
6.4 Uniform beds of fine sediment within the subtidal zone 
What is a sediment bed? 
A sediment “bed” is defined in this thesis as a collection of sediment particles, stationary or 
otherwise, whose weight is supported, in part, by inter particle contacts. Above the bed the 
particles are supported by buoyancy and viscous drag and the pore pressure is essentially 
hydrostatic (Mehta, 2013).   
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Modes of erosion / entrainment 
There exists various means by which fine sediment can be entrained or eroded (Figure 6-3). 
The interaction between the modes of erosion are poorly understood, thus, it is typically 
assumed adequate that the contributions to suspended sediment from the various modes 
be summated (Mehta, 2013).  The modelling performed in this thesis does not explicitly 
simulate the various modes and utilises formulas derived in previous studies. 
When the settling rate towards the bed exceeds that at which a bed can form, a viscous 
layer of highly concentrated sediment can form. This layer is often referred to as fluid mud 
(Mehta, 2013). The generation of fluid mud by waves will be discussed in §6.9. The sediment 
within such layers can be entrained up into the water column via turbulent mixing (Figure 
6-3 a). Such layers may well exist within the Brisbane Estuary, however the explicit 
modelling of the entrainment processes is not required and the reader is referred to 
Kranenburg and Winterwerp (1997) for further details on entrainment. 
Floc erosion occurs when individual flocs are detached from the bed (Figure 6-3 b). Surface 
erosion occurs when layers of flocs are detached from the bed (Figure 6-3 c). Whilst a layer 
of flocs are being removed, the void space must fill with water via infiltration. Turbulent flow 
above the bed drive pressure fluctuations within the bed, which subsequently drive flows 
throughout the bed surface. Subsequently, the bed surface swells to a state where a layer 
of flocs can be released with minimal change in void space. This state of the bed surface 
can be referred to as the “critical state” (Winterwerp et al., 2012). The strength of the surface 
at the critical state is a result of the physico-chemical bonds and interlocking between flocs. 
The strength can be referred to as the drained strength or true cohesion (Winterwerp et al., 
2012). The undrained strength or apparent cohesion can be significantly higher, however it 
can only be sustained for periods shorter than that required for sufficient infiltration. 
Mass erosion occurs when the stress within the bed exceeds the undrained shear strength 
or the apparent cohesion. When this occurs, the bed no longer erodes gradually from the 
surface downwards but breaks apart into chunks (Figure 6-3 d). Mass erosion is considered 
an undrained process. The erosion rate under the process of mass erosion is not predictable 
due to influences from the bed structure, stress history, degree of consolidation and the 
existence of existing faults such as animal burrows or cracks (Winterwerp et al., 2012). 
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a) entrainment of a fluid mud layer 
 
b) floc erosion 
c) surface erosion d) mass erosion 
 
Figure 6-3. Various modes of entrainment or erosion of fine sediment. 
 
Erosion rates [mass/time/area] 
The increase in erosion rate with increasing bed shear stress is initially relatively low (Figure 
6-4). The process responsible for these low erosion rates at low bed shear stress is often 
referred to as floc erosion (Winterwerp et al., 2012). Above a certain bed shear stress the 
erosion rate increases linearly at a greater rate (Figure 6-4). The bed shear stress at which 
this transition occurs will be referred to in this thesis as the critical bed shear stress for 
erosion (τce). Other experiments, on the erosion of uniform beds, also demonstrate the linear 
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increase in erosion rate above a critical bed shear stress (Ariathurai & Arulanandan, 1978; 
Jiang et al., 2004, through Mehta, 2013, pp. 637 & 639). 
 
 
 
6.5 Model 1 
The use of a single sediment class 
A single sediment class, representative of the sediment which contributes to the surface 
turbidity around Indooroopilly (42 km upstream), is used in the modelling. It is possible that 
when the tidal bed shear stress is high and the turbidity of the estuary is increasing rapidly, 
the bed erodes in layers as a drained process. When eroding in layers via surface erosion 
(Figure 6-3c), it is the drainage properties of the surface particles, the physical interlocking 
between particles and the inter-particle bonds which influence the erosion rate and not the 
size, shape and density of the particles. Thus, when the fine sediment in the bed behaves 
cohesively, the use of a single class of sediment should be sufficient to model the erosion 
processes.  
The flocs in suspension towards the surface are likely to have a spectrum of still water 
settling velocities. Provided the majority of the flocs are able to settle from the near-surface 
Figure 6-4. Erosion rate measurements for a uniform moulded bed of San Francisco Bay mud at ocean salinity. 
Plot recreated from Partheniades (1962) through Partheniades (2009). Below the critical bed shear stress for 
erosion (τce), the erosion rate is finite but small. Above the τce the erosion rate increases at a greater rate. 
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towards the bed during slack water conditions, a single sediment class, with a representative 
settling velocity, will aptly replicate the significant decrease in surface turbidity measured 
during slack water. The applicability of a single sediment class is demonstrated later in this 
section when the model results are compared to measurements (Figure 6-5).  
It is known that the size and settling velocities of the flocs within an estuary can vary over 
ebb-flood and spring-neap tidal cycles due to varying SSC and levels of turbulent mixing 
(§6.3). It is also known that the concentration of photosynthesizing microorganisms can 
significantly affect the size and settling velocities of flocs (§6.3). These processes cannot be 
represented by a single sediment class, for which the settling properties are constant in time. 
Erosion formula 
Experiments on uniform beds of fine sediment demonstrate that when the bed shear stress 
remains below the critical value for erosion τce [Pa], the erosion rate remains low (Figure 6-4). 
Thus, in Model 1, it is assumed the bed sediment is entrained into the water column only 
once the bed shear stress exceeds τce. As the erosion rate increases linearly once the bed 
shear stress exceeds τce (Figure 6-4), the concentration of suspended sediment 
representative over the water column at a specific model timestep, C t [kg/m3], increases as 
{𝜏௧ ≥ 𝜏௖௘}  𝐶௧ = 𝐶௧ିଵ +
ఈ
௏
ቀఛ
೟ିఛ೎೐
ఛ೎೐
ቁ 𝛥𝑡    (11) 
consistent with the Ariathurai-Partheniades equation (Ariathurai, 1974). Where τt [Pa] is the 
turbulent mean bed shear stress at time t, and V [m3] is the volume of a 1 m thick slice across 
the channel and is assumed constant. The site specific erosion rate parameter α [kg/s] 
represents the flux of sediment into the water column over 1 m length of estuary. The 
dimensionless bed shear component can be interpreted to indicate the intensity of the 
turbulent pressure fluctuations which drive pore pressure gradients and subsequently the 
flows which enable the surface flocs to swell to the critical state. Thus, the greater the bed 
shear stress the faster the sediment will erode. The α term can be interpreted to indicate the 
drainage properties of the surface particles. Thus, the larger the α term the faster the surface 
layer will reach the critical state for a given bed shear stress and the faster the erosion. 
Winterwerp et al. (2012) provides an equation for surface erosion which is based more 
explicitly on the drainage processes discussed previously. This equation however relies on 
numerous geotechnical parameters derived from samples which would be difficult to collect 
from an estuary and would likely possess the high degree of spatial variability inherent of 
geotechnical samples. 
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Deposition formula 
Experiments have demonstrated that fine sediment does not settle to the bed until the bed 
shear stress is below a threshold value, the critical bed shear stress for deposition (τcd). The 
sediment then settles most efficiently when the bed shear stress is nil (Krone, 1962, through 
Mehta, 2013, p.447) giving 
{𝜏 < 𝜏௖ௗ}  𝐶௧ = 𝐶௧ିଵ −
௪′ೞ஼೟షభ
௛
ቀ1 − ఛ
೟
ఛ೎೏
ቁ 𝛥𝑡    (12) 
where w’s [m/s] is a site specific parameter representing the settling of sediment to the bed 
from the water column. The depth h [m] over the 1 m thick slice across the channel is 
assumed constant. 
The first direct indication that τcd is less than τce was obtained through the experiments in 
Partheniades (1962), detailed in Partheniades (2009). For sediment which behaves 
cohesively this is expected, as to remove a floc from the bed in the drained state, the 
physical interlocking and inter-particle bonds, in addition to the self-weight of the floc, must 
be overcome. 
Initial conditions 
The only initial condition required for Model 1 was the SCC at the first timestep, C1. A value 
of 0 [kg/m3] was applied and the model initiated during slack water during a neap tide, when 
the SSC in the estuary is relatively low. Model 1 only required two tidal cycles to be 
considered warmed up. 
Results & discussion 
The phasing of the modelled turbidity is accurate (Figure 6-5), demonstrating the 
dependence of the turbidity on the bed shear stress and validating the assumption of 
uniformity within the tidal excursion (§6.2). The applicability of using a single sediment 
fraction in the model to represent to the turbidity signal is also demonstrated. 
It is noted that the modelled turbidity is a factored concentration averaged over the water 
column, whilst it is the surface turbidity which is measured. Continuous profiling 
measurements collected from a self-profiling data buoy would be required to ascertain how 
the vertical turbidity profile varies during the tidal cycle. As the surface turbidity is likely to 
decrease faster than the average turbidity, it is likely that the modelled sediment exchanges 
between the bed and the water column are over estimated. 
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It is evident that Model 1 over predicts the turbidity towards the beginning of the spring tide 
(Figure 6-5). Thus, it can be inferred that the sediment in the Brisbane Estuary is less readily 
eroded following the neap tides than following the spring tides. Thus, it would seem the 
suspended sediment signal in the estuary is not only a function of the bed shear stress but 
also the history of the eroding bed. Past works on the subject of the hydraulics of fine 
sediment transport have found this to be the case (Mehta, 2013). The processes driving this 
behaviour are introduced in the following section. 
 
 
6.6 Non-uniform beds of fine sediment within the subtidal zone 
The likely existence of non-uniform beds in the Brisbane Estuary 
The turbidity measured during spring tides is significantly higher than that during neap tides 
at Indooroopilly (42 km upstream) in the Brisbane Estuary (Figure 6-5). Thus it is likely that 
most of the sediment mobilised during the spring tides is not mobilised during the neap tides 
and the sediment remains largely undisturbed in the bed. The gradual strengthening of fresh 
deposits of mostly inorganic sediment, less than ~0.1 m thick, within 1-2 weeks, can play a 
critical role in the sediment dynamics of an estuary (Mehta, 2013, p484). The discrepancy 
between the results from Model 1, where the erosional properties of the bed were 
Figure 6-5. Top: modelled bed shear stress in centre of channel at Indooroopilly (42 km upstream). Bottom: 
turbidity measurements collected from a moored data buoy (brown) and modelled turbidity (blue) at the same 
location. A scatter plot and R2 value is provided in §A.14. Measurements courtesy Howes (2002). 
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considered uniform, and the measurements suggests this is likely the case in the Brisbane 
Estuary (Figure 6-5). 
The increase of erosional resistance with depth 
Experiments on the erosion of non-uniform beds indicate that the shear strength for such 
beds increases with depth (Parchure and Mehta, 1985). The various experimental beds 
were formed by allowing sediment to settle out of suspension under quiescent conditions 
and leaving the respective beds undisturbed for different durations for the different strength 
profiles to develop. The shear strength profiles were determined by applying a known bed 
shear stress and deriving the depth at which the bed eroded down to once the increase in 
the concentration of suspended sediment had essentially stopped. It is evident that the shear 
strength increased with depth and with the duration for which the bed remained undisturbed 
(Figure 6-6).  
Within a deposited and developing bed, the flocs formed in suspension are progressively 
crushed due to overburden. This process expels water, thus increasing the density of the 
bed. The densification is accompanied by a rearrangement of the inter-particle bonds which 
likely further increases the shear strength of the bed. The strengthening of the deposit is 
essentially complete within a week or two depending on the initial thickness, sediment type 
and pore fluid composition (Parchure & Mehta, 1985).  
Given the suspended sediment concentrations and depth within the channel of the Brisbane 
Estuary, the depth of the eroding bed is likely equivalent to that in the experiments of  
Parchure and Mehta (1985) (Figure 6-6). The strength profile however, is likely, at times, to 
be steeper. Towards the beginning for the spring tides, the sediment at the bed surface is 
being eroded and deposit by the ebb-flood tides whilst the sediment below remains 
undisturbed and continues to develop in strength. Thus, the sediment lower in the profile 
has both experienced greater overburden and additional time for the strength to develop. 
The deepest sediment eroded during the largest tides during the spring-neap cycle had likely 
remained undisturbed since the preceding large spring tides (~14 days). A dotted brown line 
in Figure 6-6 depicts a hypothetical profile and the relative non-uniformity of the bed within 
the estuary. 
The experiments performed by Parchure and Mehta (1985) (Figure 6-6) demonstrated that 
the sorting of sediment due to the faster settling of denser flocs did not significantly influence 
the shear strength profiles of the bed. The Brisbane Estuary would likely contain greater 
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variation in floc sizes, structure and composition, which could possibly further increase the 
strength variation throughout the bed (Figure 6-6). 
 
 
 
The erosion of non-uniform beds 
The rate of increase in SSC generally slows for an applied constant bed shear stress when 
the strength of the eroding bed increases with depth (Figure 6-7). For all but the final applied 
shear stress, the SSC trended towards constant, meaning the erosion rate was reducing to 
0 [kg/m2/s] with time (Figure 6-7). The reducing erosion rate was proven not to be due to an 
equilibrium between erosion and deposition but because the resistance to erosion was 
increasing with depth (Parchure & Mehta, 1985). The relative increase in concentration 
during the respective bed shear stress intervals is indicative of the steepness of the gradient 
in the bed shear strength profile. The SSC results are largely consistent with the strength 
profile results, as the SSC generally increases to a greater extent at higher shear stress, 
when the erosion has progressed deeper into the bed and the strength profile is 
subsequently more uniform (Figure 6-6). Had the bed been uniform, the progressive bed 
Figure 6-6. Blue: Shear strength profiles of beds of deposited kaolinite in saltwater derived from annular flume 
experiments. Recreated from Parchure and Mehta (1985, Fig. 7). Brown: a hypothetical strength profile in the 
Brisbane Estuary following neap tides and prior to peak spring tides, where the sediment deeper in the profile 
has remained undisturbed for longer than the sediment above. No in situ measurements of the strength profiles 
of the subtidal bed within the Brisbane Estuary exist at present. 
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shear stress intervals would have resulted in linearly increasing concentrations, with the rate 
of increase proportional to the bed shear stress. 
 
 
6.7 Model 2 
Discretising the non-uniform bed 
The processes that result in a non-uniform bed, where the strength increases with depth 
and time, could be included in the modelling with 
{𝜏௧ ≥ 𝜏௖௘(𝑧, 𝑡)}  𝐶௧ = 𝐶௧ିଵ +
ఈ
௏
ቀఛ
೟ିఛ೎೐(௭,௧)
ఛ೎೐(௭,௧)
ቁ 𝛥𝑡    (13) 
which is a widely used variation of (Equation 11 )(Winterwerp et al., 2012). Other third party 
models additionally only erode sediment when the bed shear stress is greater than that of 
the previous model timestep (Sanford, 2008). It will be demonstrated that the non-uniform 
bed in the Brisbane Estuary can be successfully represented with a two layered bed.  
Figure 6-7. Suspended sediment concentrations when a bed of deposited kaolinite in saltwater (non-uniform) 
is subjected to incrementally increasing bed shear stress in an annular flume. The colour of the dots changes 
when the applied bed shear stress increases. Eight increments of bed shear stress were applied, with the 
value determined by the formula provided on the plot. The strength of the bed developed over 1.7 days prior 
to erosion (Figure 6-6, blue square markers). Recreated from Parchure and Mehta (1985, Fig. 2). 
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In Model 2, the upper layer (L1) of the model bed represents recently deposited sediment 
and has constant erosive properties, consistent with Model 1 (Equation 11). Sediment is first 
eroded from L1 until depleted, then from the lower layer (L2). L2 represents the region of the 
bed which has remained immobile for sufficient time for the resistance to erosion to increase, 
and in which the resistance to erosion continues to increase with depth. The increased 
resistance to erosion is incorporated in the modelling by varying the erosion parameter 
α [kg/s], applied in (Equation 11) as 
𝛼௅ଶ = 𝜙
௠ಽమ
೟
௠ಽమ
భ ∈ [0,1].    (14) 
 
Where ∅ [-] is a value between 0 and 1 which accounts for the increased resistance to 
erosion of sediment which has remained undisturbed and the mass ratio accounts for the 
increasing resistance to erosion with depth. 
The increase in resistance to erosion with time is represented by the progressive transfer of 
sediment from L1 to L2 as 
𝑚௅ଵ௧ = 𝑚௅ଵ௧ିଵ − 𝜃𝛥𝑡 ∈ [0, ∞)    (15) 
 
𝑚௅ଶ௧ = 𝑚௅ଶ௧ିଵ + 𝑚𝑖𝑛{𝜃𝛥𝑡, 𝑚௅ଵ௧ }    (16) 
 
where θ [kg/s] could be considered a consolidation parameter. 
Initial conditions 
The C1 condition for Model 2 was consistent with Model 1 (§6.5). As Model 2 was initialised 
during a neap tide, the mass of sediment being resuspended by the ebb and flood currents 
was relatively low compared to during the adjacent spring tides. Thus, the mass of easily 
eroded sediment in the estuary, mL1, during this period was relatively low and an initial value 
of 0 kg was applied. The initial value of mL2 was selected so that there was enough sediment 
available in the bed that the highest SSC measured during the year, attributable to tidal 
resuspension, could be simulated. Model 2 required two or more spring-neap tidal cycles 
before the distribution of mass between the upper and lower layers within the model bed 
was such that the strength profile of the bed in reality was aptly represented, and the SSC 
could be simulated leading into and out of a spring tide. 
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Results & discussion 
When the non-uniformity of the bed is included in the modelling, the modelled turbidity during 
the onset of the spring tides is reduced to be consistent with the measurements (Figure 6-8). 
Model 2 demonstrates that the inclusion of the gradual strengthening of the bed with depth 
and time is a significant driver of the turbidity of the Brisbane Estuary.  
 
 
When the comparison is performed over an entire year, Model 2 cannot replicate the gradual 
decrease in measured turbidity from April to late August, nor the increase in mid-September 
(Figure 6-9).  
 
 
 
For the Brisbane Estuary, it has been demonstrated that rainfall is not a significant driver of 
the gradual decrease in turbidity from April to August or its subsequent increase (§4.17). 
The gradual decrease in turbidity from April to August is likely due to a sediment sink within 
Figure 6-8. Measurements collected from a moored data buoy (brown) and the modelled turbidity when the 
turbidity is a function of the bed shear stress (blue) and when the turbidity is also a function of the history of 
the bed (green). A scatter plot and R2 value is provided in §A.14. Measurements courtesy of Howes (2002). 
Figure 6-9. 24 hr averages of turbidity measurements (brown) and results from model 2 (blue). The effects of 
rainfall are not included in the modelling and the turbidity is subsequently substantially under predicted during 
early February following heavy rainfall. Measurements courtesy Howes (2002).  
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the estuary, which draws fine sediment from the subtidal zone during this period. The 
increase in turbidity during September is then likely due to the strength of the sink decreasing, 
or perhaps even transitioning into a source, releasing fine sediment back to the subtidal 
zone. These processes are developed in the following sections before their incorporation in 
Model 3. 
6.8 Intertidal sediment 
The relatively high strength of the intertidal bed compared to the subtidal bed due to suction 
Experiments from the Avon Estuary, Canada, demonstrated that the intertidal bed was up 
to 80 times more resistant to erosion than the subtidal bed (Amos & Mosher, 1985). Whilst 
the difference between the resistance to erosion between the inter and subtidal beds in the 
Brisbane Estuary is not yet known, it is likely that beds of fine sediment in the intertidal zone 
are significantly more resistant than beds of fine sediment in the subtidal zone. The reasons 
are developed in the following. 
It has been demonstrated that the strength of a bed, formed by the settling of fine sediment 
out of suspension, increases with time and depth (§6.6). When the bed within the intertidal 
zone is exposed, desiccation and drainage result in the formation of menisci. The menisci 
lower the pore water pressure and the bed is effectively loaded (Figure 6-10). Thus, fresh 
deposits of fine sediment onto the intertidal zone could relatively quickly attain a strength 
equivalent to, or exceeding, fine sediment relatively deep within the bed of the subtidal zone. 
a) b) 
Figure 6-10. As the water level falls with the ebb tide, flocs freshly deposited onto the intertidal zone are (a) 
initially covered by water before (b) being exposed. When exposed, the menisci reduce the pore water 
pressure and the sediment is effectively loaded. 
 
The continued evaporation on subsequent exposures can continue to remove water with a 
cumulative increase in density, despite subsequent tidal inundation (Amos & Mosher, 1985). 
In the Brisbane Estuary, it is likely that the water content of the intertidal bed gradually 
increases or decreases, depending on the cumulative effect of past atmospheric conditions 
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and tidal inundations. It has been demonstrated that the water content and strength of the 
intertidal bed both respectively decrease and increase following a period of increased solar 
exposure (§4.17). 
The relatively high strength of the intertidal bed compared to the subtidal bed due to biology 
The exposed mud and slime regions of the intertidal zone within the Brisbane Estuary are 
often greenish in appearance, due to the existence of photosynthesizing microorganisms 
(§4.14). It is unlikely that such organisms live within the subtidal bed, due to the permanent 
submergence under turbid water and subsequent relatively low light. It has been determined 
through numerous studies that photosynthesizing organisms forming biofilms generally 
stabilize fine intertidal sediment (Wolanski & Elliott, 2016). Thus, it is likely that the fine 
sediment in the intertidal zone of the Brisbane Estuary, where the biofilms form, are less 
susceptible to erosion than fine sediment in the subtidal zone.  
Grain size distribution of intertidal bed compared to subtidal bed 
The intertidal bed of the Brisbane Estuary generally contains considerably more fine 
sediment, in proportion to coarser sediment, than the adjacent mid-channel bed (§4.11 & 
4.12). The exception occurring in the vicinity of the Turbidity Maximum (TM), where the mid-
channel bed contains almost purely fine sediment. The bed shear stress climate3 and the 
ability of the tidal currents to elevate sediment into the upper water column both contribute 
to the difference in particle size distribution. 
Compared with the intertidal zone of many estuaries elsewhere in the world, which can span 
kilometres in the cross shore direction, those of the Brisbane Estuary seldom exceed 20 m 
in the cross shore direction. Thus, with regards to erosion, the cross shore tidal currents are 
insignificant compared to those in the longshore direction. By assuming the tidal currents 
are quasi-steady, the bed shear stress in a wide rectangular channel goes as 
 𝜏௕ = 𝜌𝑔ℎ𝑆଴      (17) 
 
where ρ [kg/m3] is the water density, g [m/s2] is gravity, h [m] is the water depth and S0 [-] the 
water level gradient. If the estuary is treated as a composite channel, for which there acts 
the same longitudinal water level gradient over the subtidal and intertidal zones, then the 
                                            
3 The statistical characterization of the bed shear stress over a period encompassing ebb-flood tidal cycles, 
spring-neap tidal cycles, the annual variation in wind conditions, and large fresh water outflow events which 
generally occur every one to two years in the Brisbane Estuary. 
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tidal induced bed shear stress acting over the relatively shallow intertidal zone must be lower 
than that over the subtidal zone. As the channel in the Brisbane Estuary is generally 10-
20 m deep and the spring tidal range reaches 2.5 m, the bed shear stress due to tidal 
currents is an order of magnitude higher mid-channel than over the intertidal zone. Thus, 
fine sediment, which is relatively more erodible and requires relatively more time to settle to 
the bed, preferentially accumulates within the intertidal zone. 
Due to the sinuous shape of the estuary, the distribution of the flow across the channel can 
be highly non-uniform, with pronounced differences in the current speed depending on 
whether the tide is ebbing or flooding. Following sharp river bends, the flow can be 
concentrated away from the inner bank, to the extent that slack water conditions are 
maintained over the intertidal zone not only around low and high water but for a relatively 
extended duration (Figure 4-19 a & b). Thus, together with the more benign bed shear stress 
climate, the longer slack water conditions further promote the preferential settling of fine 
sediment onto the intertidal zone. 
The tidal currents within the estuary are not sufficiently energetic to elevate sand into the 
upper water column. The sediment within the bed mid-channel at Jindalee, adjacent to Site 
1 (52 km upstream), contains at least 50% sand (Figure 4-11 top). This contrasts with the 
sediment in the adjacent lower intertidal zone, which contains less than 1% sand (Figure 
4-16). If the tidal currents were fast enough to elevate the sand into the upper water column 
then the sand would likely settle over the lower intertidal zone during slack water and the 
sediment over the lower intertidal zone would contain a relatively high sand fraction. 
Following sustained and heavy rainfall, the freshwater flows are sufficiently fast to elevate 
coarser sediment onto the intertidal zone. Subsequently, layers of sand can form between 
the tidal deposits of fine sediment (§4.12).  
There are lengths of the Brisbane Estuary where the intertidal zone is sandy. Towards the 
tidal limit, the sandy intertidal zone comprises of flood deposits. In this upper region of the 
estuary it is likely that the concentration of suspended fine sediment is sufficiently low and 
the residual downstream flow sufficiently strong that fine sediment does not accumulate on 
the intertidal zone. Downstream of the TM, along lengths of the estuary where the intertidal 
zone is sandy, the local wave climate likely prevents fine sediment from depositing onto the 
intertidal zone and preferentially erodes the fine sediment away from flood related deposits 
of mixed sediment. Downstream of St Lucia (30 km upstream), where the City Cat ferries 
operate, the wave climate is so energetic that the sandy beaches perhaps form via the wave 
induced onshore transport of sand, much like sandy beaches on the coast. 
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6.9 Wave induced erosion of intertidal fine sediment 
Most likely mode of wave induced erosion 
There are three modes by which waves can erode fine sediment. Unbroken waves generate 
a shear stress on the bed, which combines with those generated by tidal currents. If the bed 
shear stress is sufficiently high, the bed erodes. The cyclic pressure fluctuations under 
unbroken waves can liquefy a bed. Thus, the sediment becomes highly susceptible to 
transport by tide, wind or gravity currents. Breaking waves impart an impact force onto the 
bed which can subsequently overcome the undrained strength of the bed and result in 
erosion. How the intertidal zone within the Brisbane Estuary erodes due to waves is deduced 
from observations and physical reasoning in the following. 
Patterns of erosion over the intertidal zone along the Brisbane Estuary indicate that the 
erosion is generally concentrated on the channel side of the vegetation (Figure 6-11). Such 
patterns indicate that the vegetation is sheltering the sediment from waves, which generally 
propagate from the channel towards the shore. It is considered unlikely that erosion following 
liquefaction of the bed by waves would generate such a pattern. The scarp forming at the 
face of the B. monnieri meadow indicates that breaking waves were likely responsible for 
the bulk of the erosion (Figure 6-12). 
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Figure 6-11. Photograph taken facing the channel of an Aegiceras (River mangrove) following an erosion event 
at Site 2. The roots are exposed only on the channel side. Photograph taken 17/10/2017. 
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Wave shield experiment 
The deposition measured behind the wave shield (§3.10) from February to August 2018 was 
50, 90 & 50 mm for the pipes in the exposed mud, interface and slime respectively. The 
deposition measured over the same period in the bathymetric surveys ~30 m downstream 
at Site 1 was 35, 55 & 50 mm. The deposition over the slime during this period was 
dominated by the heavy rainfall event on 23-24 February 2018 (§4.12), thus it is not 
surprising that the deposition over the slime region behind the wave shield was consistent 
with that over the unshielded intertidal zone. The deposition over the other regions of the 
intertidal zone, were however significantly increased, with the deposition at the mud-slime 
interface increasing by almost 65%. The effect the wave shield has on preventing erosion 
during a period where the intertidal zone would otherwise erode has yet to be trialled, with 
the wave shield in need of maintenance in the meantime (Figure 6-13). The wave shield had 
a significant effect on the rate at which mangrove propagules progressed into seedlings 
when compared to the unshielded intertidal zone (§5.4). The following section details how 
more permanent structures such as pontoons, which effectively act as wave shields, can 
drive easily observable changes in the intertidal zone. 
Figure 6-12. Photograph taken facing the shore of an Aegiceras (River mangrove) and Bacopa monnieri 
meadow at Site 1. The roots of the mangrove are preferentially exposed on the channel side and the face of 
the B. monnieri meadow is forming a scarp. Photograph taken 27/02/2018. 
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Figure 6-13. Photograph taken facing upstream at Site 1 (52 km upstream) of the wave shield which was 
placed almost 9 months prior (Figure 3-13). The measured accretion is difficult to observe from the 
photographs although some indication is provided by the change in water line. Photograph taken 24/10/2018. 
Response of shoreline to pontoons 
How the intertidal zone responds to a decrease in wave energy is also evident from aerial 
imagery of pontoons. Pontoons placed in close proximity to the shoreline, and within close 
proximity to other pontoons can effectively drive accretion over the intertidal zone (Figure 
6-14). The reduced wave energy would also accelerate the colonisation of the intertidal zone 
by vegetation (§5.4). 
  
Figure 6-14. Aerial Photograph taken of pontoons on the Southern Bank of the Brisbane Estuary, 250 m 
downstream of Site 2. The three pontoons on the left, which are relatively near the shore and close together 
when compared to the two pontoons on the right, have resulted in accretion over the intertidal zone. Photo 
courtesy of Nearmap. 
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6.10 The intertidal zone acting as a source and sink of fine sediment 
Past studies 
Past studies on the temporal variability of the elevation of the intertidal bed are largely 
restricted to macrotidal estuaries in temperate regions, where the winds are generally more 
energetic during the winter than during the summer. This is unlike the wind climate in 
Brisbane, where the wind climate is generally more energetic during summer (§4.2). All the 
past studies demonstrate that sediment is deposited onto the non-vegetated regions of the 
intertidal zone when the wind climate is relatively calm and eroded when the wind climate is 
relatively energetic. Other forcings such as biology and exposure are suggested but it is 
always the wind and subsequent waves which are determined the likely primary driver. 
A study within Lowes Cove in the Damariscotta Estuary, USA, demonstrated that both 
monthly erosion and deposition could occur simultaneously over the intertidal zone 
throughout the estuary. Despite the spatial variation, when the estuary wide volumes were 
considered, the volume of the intertidal zones related closely to the wind-wave climate, with 
windier months corresponding to erosion. It was postulated that the intertidal zone could be 
acting as a “bank” of sediment, exchanging sediment with the subtidal zone and affecting 
the Suspended Sediment Concentration (SSC). SSC or turbidity measurements were 
however not collected (Anderson et al., 1981).  
A study in the Humber Estuary, UK, demonstrated that the seasonal variation in the bed 
elevation around MWL was a few millimietres, with net erosion during the windier winter 
months and net accretion during the calmer summer months. Winter storms could result in 
a few centimetres of errosion however this was mediated by deposition on following tidal 
cycles. It was concluded that that the intertidal zone was continually changing in response 
to the physical conditions (Christie et al., 1999). 
A study on the Ouse Estuary, UK, demonstrated that during calm winds, deposition onto the 
intertidal zone was greatest during spring tides when the SSC was high and there was 
subsequently more sediment available for deposition. The net deposition over the 
measurement period was linked to a period of calm winds (Mitchell et al., 2003). 
A study on the Severn Estuary, UK, demonstrated that the elevation of the non-vegetated 
intertidal mud depended strongly on the wave activity and the sping-neap tidal cycle. 
Maximum accretion occurred during spring tides and small waves. (Whitehouse & Mitchener, 
1998). An excellent review of the preceding literature was also provided. A further study 
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within the Severn Estuary demonstrated the net accretion during months of relatively calm 
winds and net erosion during months of relatively energetic winds was superimposed onto 
a longer term trend of net erosion (O’Brien et al., 2000). 
A study on the Deben Estuary, England, demonstrated that the regions of exposed mud in 
the intertidal zone accreted during months of relatively calm winds and eroded during 
months of relatively energetic winds, with algal growth likely contributing to the accretion. 
The elevation changes were ~5 cm and it was postulated that there must have been an 
exchange of sediment between the intertidal and subtidal zone as such a volume of 
sediment could not be supplied from elsewhere. When in the eroded state, it was postulated 
the sediment was located on the channel sides in the subtidal zone (Frostick & McCave, 
1979). SSC measurements collected at a later date demonstrated that during months where 
it was known the intertidal zone was accreting, the SSC progressively decreased and when 
intertidal sediment was eroded, the SSC progressively increased (Parker, 1997). 
The likely significance of the intertidal zone and wind on the Brisbane Estuary turbidity 
A “back of the envelope” calculation demonstrates that exchanges of fine sediment between 
the sub and intertidal zones on the Brisbane Estuary could account for the progressive 
decrease in turbidity experienced from April-May through to August-September and its 
subsequent increase (Figure 6-15). The elevation changes over the intertidal zone required 
for such significant changes in turbidity are small and thus difficult to observe without careful 
measurement. 
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Based on the volumes derived from the bathymetry survey (§3.6), and the length of the 
intertidal zone along the Brisbane Estuary which likely store and release fine sediment, 
annual exchanges between the subtidal intertidal zones are likely of the order 
3
31 40,000 2 500 40,000kgm m tm m    .    (18) 
Where a significant mass would not be returned to the estuary on an annual cycle following 
deposition onto stretches of the intertidal zone which are net depositional. This mass of 
sediment is equivalent to a 
6
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     (19) 
Figure 6-15. “Back of the envelope” calculation demonstrating that exchanges of fine sediment between the 
sub and intertidal zones could account for the annual variation in the turbidity of the Brisbane Estuary. An SSC 
of 100 mg/L is equivalent to the median measured value in the Turbidity Maximum (Figure 4-41). The dry 
density of 500 kg/m3 is consistent with measurements collected from the intertidal zone during this thesis 
(§3.7). 
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change in the SSC throughout the entire estuary.  
The turbidity at Indooroopilly (42 km upstream) progressively decreased from April through 
to August before subsequently increasing in September 2001 (Figure 6-16). This trend is 
experienced every year and throughout most of the estuary (§4.17). The progressive 
decrease in turbidity occurs during months where the winds are relatively calm (Figure 6-16). 
Thus, it is likely that fine sediment is being transferred from the subtidal zone to the intertidal 
zone during these months and is thus less readily available for tidal resuspension. When 
the energetic winds return, the recently deposited sediment likely erodes, returning to the 
subtidal zone and becoming available for tidal resuspension and subsequently contributing 
to the turbidity. The energetic westerly winds in late July and August 2001 did not trigger a 
significant increase in the turbidity (Figure 6-16). The importance of the directionality of the 
wind and the response of the intertidal zone on reaches of the estuary with different 
orientations will be discussed in §6.14. 
 
 
 
6.11 Beds containing coarse sediment 
Why consider coarse sediment? 
Figure 6-16. Top: water level coloured with wind speed. Fast winds are plotted over slower winds. Bottom: 
24 hr ave. turbidity measured at Indooroopilly (42 km upstream) by a moored data buoy. Wind, tide (estuary 
mouth) & turbidity measurements courtesy of BOM, TMR & Howes (2002) respectively. 
165 
 
Over most of its length, the subtidal bed of the Brisbane Estuary consists of a mixture of 
coarse and fine sediment (§4.11). Whilst beds of purely coarse sediment (sand and gravel) 
are not modelled here, they are considered as a precursor to considering the dynamics of 
beds containing a variety of coarse grain sizes (§6.12), and subsequently beds containing 
both coarse and fine grain sizes (§6.13). Unlike for the treatment of fine sediment, as the 
processes of coarse sediment transport are not modelled here, the subtleties of definition 
for what constitutes the initiation of motion, or what is the definition of bedload are left to 
others (Bagnold, 1956; Nielsen, 1992; Parker, 2006). 
A brief introduction to the dynamics of coarse sediment 
Due to pressure gradients and skin friction, water flowing steadily over a bed of coarse grains 
exerts a lift force, a drag force and a moment on the upper most grains (Garcia, 2006). The 
grains below provide restoring forces via the inter grain contacts. The forces normal to the 
inter grain contacts increase with depth as the lower grains bear the weight of those above 
(Figure 6-17). The resistance to horizontal motion subsequently increases with depth as the 
shear force at the inter-grain contacts resisting motion increases with increasing normal 
force. The physical process is similar to sliding a book across a desk. A book will readily 
slide across a desk when pushed, however if a downwards force is applied onto the book, 
then it will become progressively more difficult to slide as the downwards force is increased.  
It is interesting to note, that the shear strength of a bed of non-uniform sediment also 
increases with depth, although through different processes (§6.6). 
 
Figure 6-17. Water flowing over a bed of coarse sediment. The disrupting forces and moment acting on the 
uppermost grain due to the flow of water over its surface are drawn in red with the stabilising forces acting at 
the contact points between grains in black. The normal forces between grains increases with depth as the 
lower grains bear the weight of the grains above. Subsequently the resistance to horizontal motion increases 
with depth. 
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Within a bed of coarse sediment, when the disrupting forces exceed the restoring forces on 
the surface grains, the surface grains are mobilised and accelerated in the flow direction. 
Provided the surface grains are not wholly suspended within the fluid, their mass is 
supported in part by the lower grains. Subsequently, the restoring forces acting on the 
second layer of grains is greater than it was for the first layer. When the disrupting forces 
increase, for instance due to an increasing tidal current, then the second layer of grains may 
be mobilised. When the disrupting forces increase even further, then the third layer of grains 
is mobilised. And so on, until an equilibrium is reached where the flow of fluid has mobilised 
the grains down to a depth to where the interparticle contacts are sufficient to resist motion.  
Coarse grains, which are seldom shaped like aerofoils, exposed to the flow on their upper 
surface experience a lift force usually greater than if the grain was held stationary within the 
flow field. Thus, grains may be lifted temporarily from the bed when the lift force exceeds 
the weight of the grain minus buoyancy. If the temporally suspended grains are rotating, 
then the water, which would usually be flowing faster horizontally than the grain is moving, 
could induce a lift force by virtue of the Magnus effect (White & Schulz, 1977). Temporary 
and localised vertical flows due to turbulence can also elevate grains into the water column 
through a drag force. Once wholly suspended within the water, the grain no longer 
contributes to the shear strength of the bed and grains deeper in the bed would accelerate. 
As the forces which carry the grains upwards are not sustained, the grains soon return to 
the bed and an equilibrium is reached where the grains returning to the bed, to contribute 
their mass to the stability of other grains, equals in number to those withdrawing their 
contribution.  
Turbulent fluctuations in the water can generate horizontal pressure gradients which act 
throughout a permeable bed (Figure 6-18). The horizontal pressure gradients exert a 
horizontal force which acts to destabilise the grains. As explained above, the restoring forces 
increase with depth, and subsequently despite the horizontal force acting over an extended 
depth, the grains are only mobilised down to a level where the restoring forces equal the 
disrupting forces (Figure 6-18). 
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6.12 Beds containing a variety of coarse grain sizes 
Why consider such sediment? 
The subtidal bed of the Brisbane Estuary consists of a mixture of coarse and fine sediment 
for much of its length (§4.11). Whilst beds containing a variety of coarse grain sizes without 
fine grains are not modelled here, they are considered as a precursor to considering the 
dynamics of beds containing both coarse and fine grain sizes (§6.13). 
A brief introduction to the dynamics of such sediment 
Beds consisting of a range of coarse grains sizes and very few fine grains often exhibit two 
interesting behaviours, sorting and armouring. Most sorting of coarse sediment in rivers is 
driven by the differential transport of grains of different sizes (Parker, 2006, p.170). 
Horizontal steady flow induces both drag and lift forces and a moment on the uppermost 
grains due to the flow of water over the grain’s surface (Figure 6-17). The restoring forces 
within the bed, constituting of grains which do not behave cohesively, originate from the 
grains’ mass. As the mass of a grain increases with its length scale cubed and the surface 
area increases with the length scale squared, the larger the grain, the greater its resistance 
to motion. Thus, in beds containing a range of coarse grain sizes, the spatial distribution of 
Figure 6-18. Water flowing over a bed of course sediment, with blue arrows indicating the direction of flow and 
turbulent motions. Turbulent motions in the flow field can result in horizontal pressure gradients which act 
throughout the permeable bed. As the shear strength of the bed increases with depth, the inter grain forces 
will eventually balance the disrupting forces. Subsequently a level will be reached (red line), which is not 
necessarily well defined, where the grains will remain mostly stationary. 
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the grain sizes will often correlate with the distribution of the bed shear stress climate4. The 
forces on a completely suspended grain also scale in the same manner and thus smaller 
grains will be preferentially lifted higher into the water column than larger grains. Thus, it is 
likely that deposits of small grains will form on the banks or within the flood plain, with the 
larger grains remaining in the lower regions of the channel. Density variations between 
grains will also lead to such sorting. 
Static armouring of the bed is a behaviour where smaller grains are transported away from 
the bed leaving larger immobile grains in place. The remaining larger grains then provide 
shelter for the grains below. The large remaining grains can also rearrange themselves to 
be more resistant to the flow. For example, large coarse grains will often be found in natural 
streams with their smoothest side facing upwards. Furthermore, when the supply of large 
grains is small they can form shapes such as “clusters”, “rings” and “stone cells” which 
minimise the disrupting forces from the flow field (Parker, 2006). A similar behaviour can be 
observed in concrete stormwater drainage systems where the gravel will accumulate in 
patches rather than in isolation.  
Mobile armouring of the bed is a behaviour exhibited when a sustained mix of grain sizes 
are input into a channel and the bed evolves until the sediment transport for all grain sizes 
within the mix is equal. Thus, as the larger grains are less readily mobilised they must feature 
more on the surface, where the disrupting forces are greater (Parker, 2006). 
 
6.13 Beds containing coarse and fine sediment mixtures within the subtidal 
zone 
Why consider mixed sediment? 
The subtidal bed of the Brisbane Estuary consists of a mixture of coarse and fine sediment 
for much of its length (§4.11). The fine sediment likely erodes from the mixed bed to 
contribute to the surface turbidity. The fine sediment which settles onto coarse grains also 
likely remixes to reform the mixed bed. 
 
 
                                            
4 The statistical characterization of the bed shear stress over a period encompassing ebb-flood tidal cycles, 
spring-neap tidal cycles, the annual variation in wind conditions, and large fresh water outflow events which 
generally occur every one to two years in the Brisbane Estuary. 
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The increased resistance to erosion of mixed sediment 
The shear strength of beds containing fine sediment increases towards a limit with 
increasing time and overburden (§6.6). As a grain of coarse sediment weighs more than a 
collection of fine grains filling an equivalent volume, provided there are sufficient fine grains 
to fill the voids between coarse grains, the density of the bed increases with increasing 
volume of coarse grains. Increased bed density would encourage the progressive crushing 
of flocs and the rearrangement of the inter-particle bonds, resulting in enhanced shear 
strength with depth and time. The maximum density of the bed is achieved when the sand 
grains are in contact. 
By smoothening the surface of the bed the drag force, lift force, moment, and in an 
accelerating flow, the force due to added mass, are all reduced (Figure 6-19). The restoring 
forces are also increased as the cohesive properties of the fine sediment effectively binds 
the coarse grains together. 
 
 
As the fine sediment drastically inhibits drainage, horizontal pressure gradients are less able 
to act though the bed as they are for beds without fine sediment. Thus, the resistance to 
erosive forces acting at relatively short timescales, such as waves and large turbulent 
fluctuations, increases significantly. 
Experiments have demonstrated that the addition of 30% mud by weight to a sandy bed can 
increase the critical shear stress by a factor 10 and significantly reduce the erosion rate 
Figure 6-19. Water flowing over a bed of mixed sediment. The disrupting forces are drawn in red and the 
stabilising forces in black. The stabilising effect due to the cohesive behaviour of the fine sediment is not drawn. 
The disrupting forces are smaller than when the fine sediment is absent (Figure 6-17). 
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(Mitchener & Torfs, 1996). Other experiments have demonstrated that the critical shear 
stress of beds of mixed sediment continues to increase with increasing fine sediment up to 
20 and 30% by weight, with the rate of increase dependent on the cohesiveness of the fine 
sediment, and the shear strength at 0% fine sediment dependent on the coarse grain size 
(Alvarez-Hernandez, 1990; Pluim-van der Velden & Bijker, 1992). Whether the critical shear 
stress of the mixed bed decreases below that when fine sediment is absent depends on the 
grain size and texture of coarse grains and the cohesive behaviour of the fine sediment 
(Figure 6-20). Experiments which encompass mixtures of up to 80% fines by volume have 
shown a continuing linear increase in the critical shear stress (Le Hir et al., 2008). 
 
 
The transport of mixed sediment 
Mixing fine sediment with coarse sediment also influences the mode of erosion. Experiments 
on the transport of mixed sediment, using an adjustable shear stress erosion and transport 
flume, demonstrated that aggregates of coarse and fine grains eroded from the sediment 
core and bounced and slid along the hard base of the flume before being captured by 
sediment traps (Roberts et al., 2003).  
Figure 6-20. A schematic plot of the critical shear stress of mixed beds of clay and sand. When the sand is 
very fine and the clay highly cohesive, the critical shear stress can be higher for the pure clay than for pure 
sand (Brown line). Figure adopted from (Mehta, 2013, p624). 
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The release of fine sediment from a mixed bed 
Experiments on mixed sediment collected from the field demonstrated, that for some 
mixtures, the aggregates captured in the bed load traps contained equivalent fine sediment 
by mass to the eroding bed whilst other mixtures had released fine sediment into suspension 
(Jepsen et al., 2010). Thus, the erosion of mixed beds could plausibly provide a slow release 
of fine sediment which contributes to the surface turbidity of the Brisbane Estuary. 
The reintroduction of fine sediment into a mixed bed 
It is plausible that fine sediment which settles onto coarse sediment mixes to form a mixed 
bed. This remixing process could in part be driven by bioturbation which, whilst included in 
other models (Sanford, 2008), would be difficult to observe and/or quantify within the subtidal 
zone of the Brisbane Estuary.  
It is plausible that most of the remixing occurs independently of bioturbation, with fine 
sediment gradually settling into the void spaces between the coarse sediment and thus 
reforming the mixed bed. This behaviour has been included in other models (Le Hir et al., 
2011), however experiments in settling columns have not provided quantitative evidence to 
the extent of this behaviour  (Ockenden & Delo, 1988; Torfs et al., 1996). 
6.14 Model 3, RQ2 answered 
The annual turbidity cycle 
It will be demonstrated that the annual component of the turbidity cycle in the Brisbane 
Estuary, specifically the gradual decrease in turbidity from around April to August and its 
subsequent increase (§4.17), is principally driven by the availability of fine sediment in the 
subtidal zone for resuspension by tidal currents. The availability of fine sediment in the 
subtidal zone is principally driven by exchanges of fine sediment between the sub and 
intertidal zones, with the exchanges being driven by the wind. During calm winds, the waves 
are sufficiently small that fine sediment is transferred to the intertidal zone and during 
energetic winds, the waves are sufficiently large that the fine sediment is eroded and 
subsequently transferred from the intertidal zone to the subtidal zone.  
The modelled bed 
It has been demonstrated that the subtidal bed mid-channel in the estuary consists of 
regions of purely fine sediment and regions of mixed sediment (§4.11). It has also been 
demonstrated that the bed towards the edges of the subtidal zone consists of fine sediment 
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whilst the bed mid-channel can be mixed (§4.11). A bed of mixed sediment will likely 
gradually release fine sediment when mobilised (§6.13).  
As in Model 2, Model 3 consists of a 2 layered subtidal bed, with the upper layer (L1) 
representing freshly deposited fine sediment and the lower layer (L2), either a non-uniform 
bed of fine sediment or a bed of mixed sediment. The bed of mixed sediment can fortuitously 
be modelled in the same manner as the non-uniform bed of fine sediment in Model 2 
(Equations 14-16). In doing so, it is assumed that the rate at which fine sediment is removed 
from a mixed bed, to contribute to the turbidity, is related to the ratio of fine sediment to 
coarse sediment. Fine sediment is released relatively readily when the mixed bed consists 
largely of fine sediment and relatively slowly when the mixed bed is depleted of fine sediment. 
Fine sediment is progressively remixed with the coarse sediment to become less erodible, 
similarly to how the resistance to erosion of a deposit of fine sediment increases with time. 
Exchanges between the sub and intertidal zones 
It has been demonstrated that breaking waves are likely to be the most significant driver of 
erosion over the intertidal zone in the Brisbane Estuary (§6.9). Thus, the area of the intertidal 
zone inundated is not considered in the modelling and erosion can occur at any stage of the 
tide. Just as subtidal sediment is not appreciably eroded until the bed shear stress exceeds 
a threshold (Equation 11), intertidal sediment is not eroded until the wind speed W [m/s] 
exceeds a threshold Wenergetic [m/s]. It has been demonstrated that tidal currents do not 
significantly erode intertidal sediment in the Brisbane Estuary (§4.12). Thus, the bed shear 
term included when eroding subtidal sediment (Equation 11) is not included when eroding 
intertidal sediment. As the width of the intertidal zone within the Brisbane Estuary is usually 
less than 20 m, the stage of the tide will only affect the fetch length by around 10% for cross 
channel winds and by less than 1% for along channel winds. The tidal currents will affect 
the size of the waves which break on the intertidal zone, however the currents are likely to 
both increase and decrease the size of the breaking waves over numerous tidal cycles. As 
the impact the waves have on the turbidity within the estuary act on timescales greater than 
ebb-flood tides, the effect the time varying water levels and currents have on the waves has 
not been included in the modelling. Considering the above, the flux F [kg/s] of sediment from 
the intertidal bed into suspension is represented as 
൛𝑊௧ > 𝑊௘௡௘௥௚௘௧௜௖ൟ𝐹௧ = 𝜑 ൬
ௐ೟ିௐ೐೙೐ೝ೒೐೟೔೎
ௐ೐೙೐ೝ೒೐೟೔೎
൰    (20) 
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where φ [kg/s] is analogous to α [kg/s] in Equation 11. 
The mass of sediment in the modelled intertidal zone is finite. Whilst the deposits of fine 
sediment can exceed 1 m deep within the intertidal zone of the Brisbane Estuary, the 
resistance to erosion likely increases with depth. The roots of vegetation also provide 
stability with depth (Figure 5-10). 
Modelled sediment is only transferred to the intertidal zone when the bed shear stress τ in 
the channel is below that which permits sediment to settle to the subtidal bed. This condition 
is used to indicate slack water conditions over the intertidal zone. It is noted that slack water 
conditions can be significantly extended over the intertidal zone for certain lengths of the 
estuary (§4.12). As for erosion (equation 20), the tidal component of the bed shear stress 
does not drive the flux of sediment to the intertidal bed.  
Bathymetric surveys of the intertidal zone on the Brisbane Estuary have indicated that 
sediment can initially accumulate preferentially over the lower intertidal zone when the SSC 
is elevated. The SSC was elevated due to rainfall related sediment inputs from the 
catchment prior to the measured accumulation (§4.12). Provided the SSC remained 
elevated for over 1 week, the SSC would have been elevated during a neap tide, when the 
SSC would have otherwise been low. Due to the reduced tidal range during the neap tide, 
the lower intertidal zone remained inundated at low water slack and sediment could deposit 
over the lower intertidal zone. Beyond the temporary effects of heavy rainfall, the SSC is 
elevated during spring tides, when the lower intertidal zone is mostly exposed during low 
water slack. Thus, beyond the temporary effects of heavy rainfall, deposition over the 
intertidal zone may be minimal during low water slack during both neap and spring tides. 
The bathymetric surveys indicated this to be the case, with no sustained accretion over the 
lower intertidal zone following the accretion following the rainfall event (Figure 4-48). Despite 
this reasoning, it was found that a water level condition, used to identify whether the slack 
water conditions corresponded to a high or low tide, was not required in the modelling. 
Winds generate waves which generate bed shear stress, which if sufficiently high will 
prevent sediment from settling to the bed. Thus, sediment is only transferred to the intertidal 
zone when the wind speed is below a specified threshold Wcalm [m/s]. Considering the above, 
the flux F [kg/s] of sediment to the intertidal bed is represented as 
{𝜏௧ < 𝜏௖ௗ , 𝑊௧ < 𝑊௖௔௟௠}𝐹௧ = 𝐶௧𝛽 ቀ1 −
ௐ೟
ௐ೎ೌ೗೘
ቁ    (21) 
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where C [kg/m3] is the representative SSC across the estuary cross-section and β [m3/s] is 
a factor which accounts for the fraction of suspended sediment which settles to the intertidal 
bed and not the subtidal bed. 
Initial conditions 
The C1 condition for Model 3 was consistent with Model 1 (§6.5), and the initial mass within 
the subtidal bed consistent with Model 2 (§6.7). The initial mass of sediment within the 
intertidal bed was set to 0. For this third initial condition to be applicable, the model was 
required to be initialised during a period for which the intertidal zone was in an eroded state. 
For the Brisbane Estuary this is around April (Figure 4-21). As with Model 2, Model 3 
required two or more spring-neap tidal cycles before the distribution of mass between the 
upper and lower layers within the model bed was such that the strength profile of the bed in 
reality was aptly represented, and the SSC could be simulated leading into and out of a 
spring tide. 
Results and discussion 
When wind driven exchanges of fine sediment between the sub and intertidal zones are 
included in the model, the annual component of the turbidity cycle can be reproduced (Figure 
6-21 & Figure 6-22). The turbidity, mass of fine sediment within the sub and intertidal beds, 
tide and wind is presented together in §A.15. The set of parameters applied in Model 3 are 
also presented in §A.15. 
The modelling does not include an input to represent the sediment introduced into the 
estuary following heavy rainfall. Thus, the peak in turbidity in early February 2001 is not 
represented in the model (Figure 6-21). The modelling compliments the analysis of existing 
measurements, which demonstrated that the impact of heavy rainfall on the turbidity of the 
estuary is only temporary and is not a significant driver of the annual turbidity cycle (§4.17). 
The modelling does not include the effect of the reduced salinity following heavy rainfall. 
With the settling properties of the modelled sediment remaining consistent throughout the 
year-long simulation. Following flushing of the estuary, the salinity at Indooroopilly (mid-
estuary) recovers to values above which there are no further significant effects on the 
settling properties of suspended clay following the first neap tide (§4.15, specifically Figure 
4-28). Subsequently the model will not be correctly simulating the dynamics of the fine 
sediment during and immediately following the fresh water inflows. 
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Figure 6-22. Comparison of non-averaged results from Model 3, where the westerly component of the wind 
had been removed (blue), with data buoy measurements (brown). Measurements courtesy Howes (2002). 
Figure 6-21. Comparison of 24 hr averaged results from Model 3 (blue & green) with buoy measurements 
(brown) at Indooroopilly (42 km upstream). Results from the model which had the westerly component of the 
wind removed are plotted in blue. Measurements courtesy Howes (2002). 
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During neap tides, the measured turbidity is generally higher than that modelled (Figure 
6-21), indicating that it is likely that suspended matter which settles relatively slowly, or not 
at all, is contributing to the turbidity. Interestingly, the magnitude of the disparity between 
the modelled and measured turbidity during neap tides varies throughout the year (Figure 
6-21). The neap tide disparity is even more pronounced for 2002 (§A.13). The annual cycle 
in the disparity does not follow the annual cycle in phytoplankton (§4.13), which has a 
maximum when the turbidity is lowest. In-situ measurements of the characteristics of the 
suspended matter towards the surface during neap tides throughout the year would 
hopefully provide the required insights. 
The modelled turbidity does not increase prematurely when the westerly component of the 
wind is removed in the modelling (Figure 6-21). This indicates that the fast westerly winds 
in July and August 2001, which are experienced most years (Figure 4-1), may not erode 
sediment which significantly contributes to the turbidity of the estuary. The estuary is sinuous, 
has varying bank heights, and is surrounded by land of varying elevation and ground cover. 
Thus, equivalent winds from different directions will generate different waves. The turbidity 
measurements used in the modelling were collected at the end of a reach of the estuary 
which extended ~3 km to the south east (Figure 6-1). Furthermore, the land to the south 
east of the reach is relatively low lying. The reach of the estuary to the south east of Site 2 
also extends for ~3 km (Figure 3-3). Photographs from Site 2 indicated significant annual 
accretion and erosion of the intertidal zone (§4.12). Whilst the intertidal zone along these 
two reaches may be especially susceptible to waves generated by easterly winds and 
relatively sheltered from westerly winds, it is considered likely that the limited effect of the 
westerly winds on the estuarine turbidity is also attributable to more gradual trends in 
deposition and erosion acting throughout the estuary. 
Whilst the westerly winds over the Brisbane Estuary from May to September are equivalently 
fast to the easterly winds during the remainder of the year (Figure 4-1), they are generally 
not sustained for extended periods (Figure 4-2 b). Thus, the limited effect of the westerlies 
could be attributed to the limited impact of infrequent wind events and the greater importance 
of subtle but sustained shifts in the conditions which drive progressive erosion and/or 
deposition over the intertidal zone. The various parameters used in the modelling could 
readily be used to identify the required conditions, if it was certain that all the processes 
which drive the low turbidity in August were included.  
Based on the chlorophyll-a concentration, which is highest in August (§4.13), it is possible 
that a relatively high abundance of photosynthesizing phytoplankton results in the relatively 
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high production of TEP (§4.17). The increased TEP would likely augment existing 
flocculation processes and subsequently increase the settling velocity of suspended 
particles (§4.17). This process could be an additional driver of the low turbidity in August. 
Additional measurements collected over an entire year on the settling velocities of material 
suspended towards the surface in the Brisbane Estuary, are required to quantify this 
potential contribution.  
Additional sinks and sources of fine sediment not included in the modelling 
Regions of both the sub and intertidal zones, along various lengths of the estuary, likely act 
as continual sinks for fine sediment. Regions of the subtidal zone, especially in the upper 
estuary, where the tidal flows are smaller, are scoured during flood events (§4.8). These 
scoured regions are likely progressively accumulating fine sediment. Bathymetric surveys 
indicate that the intertidal zone over certain lengths of the Brisbane Estuary can also act as 
net depositional environments outside of flood events (§4.12). As the turbidity of the estuary 
is not progressively decreasing over the timescale of years (§1.4), it is likely that these sinks 
of fine sediment are balanced somewhat by sources of fine sediment. 
It has been demonstrated that the horizontal salinity gradient within the estuary results in 
landward residual currents in the lower water column (§4.10 & 4.16). These residual currents 
likely transport fine sediment upstream. The upstream transport of sediment may also have 
an annual component driven by the turbidity of Moreton Bay (§4.17), although additional 
measurements are required before the temporal variation can be quantified. 
Following heavy rainfall it is possible that more fine sediment is introduced to the subtidal 
zone than is flushed into the bay. Deposits of such sediment will also likely provide a 
continual source of sediment which balances the continual sinks. 
 
6.15 Summary 
Three process based models have been developed to elucidate the various drivers of the 
turbidity cycle within the Brisbane Estuary. Model 1 demonstrates the dependency of the 
turbidity on the bed shear stress generated by the tidal currents over the subtidal bed. Model 
2 demonstrates the dependency of the turbidity on the history of the subtidal bed. Model 3 
demonstrates the dependency of the turbidity on the availability of erodible fine sediment in 
the subtidal bed, and how the availability of the fine sediment is dependent on the wind 
conditions which drive the exchanges of fine sediment between the sub and intertidal zones 
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on an annual cycle. As the processes which drive the annual turbidity cycle in the estuary 
have been identified, a strategy for reducing the turbidity which enhances the estuary’s 
existing capacity to reduce the turbidity is proposed in Chapter 7. 
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7 The proposed strategy to reduce the turbidity of the Brisbane 
Estuary, RQ4 answered 
7.1 Motivation 
The Brisbane Estuary facilitated European settlement of the surrounding region. As the 
estuary was progressively engineered to facilitate economic growth, its behaviour, character 
and colour changed. The estuary no longer serves as the backbone of Brisbane’s economy, 
providing no natural resources nor passage to large vessels beyond the central business 
district. This is unusual for an estuary flowing through a capital city. Whilst other cities around 
the world continue to engineer their estuaries to support their respective economies, 
Brisbane has the relatively uninhibited opportunity to improve its estuary’s ecological 
potential and appeal. 
Currently the turbidity of the estuary limits the light available throughout the water column 
and often imparts a murky brown appearance. An effective strategy to reduce the turbidity 
is an effective means of improving the estuary’s ecological potential and appeal. 
7.2 The fourth and final research question 
The research questions on which this thesis was based were introduced in Chapter 1 and 
stated in §1.6. In addressing RQ1, it was determined that the Brisbane Estuary was 
significantly less turbid prior to European settlement than it is today in 2019 (§2.6). In 
addressing RQ2, it was determined that the wind driven exchanges of fine sediment (silt and 
clay) between the sub and intertidal zones is likely the most significant driver of the annual 
turbidity cycle in the Brisbane Estuary (§6.14). In addressing RQ3, it was determined that 
there exists a scarcely studied species of native vegetation already growing on the intertidal 
zone of the Brisbane Estuary which could be utilised to promote the net transfer of fine 
sediment to the intertidal zone (§5.6). The fourth and final research question, RQ4, ties the 
former research questions together, to determine if there is a means to utilise a species of 
intertidal vegetation to work with the Brisbane Estuary’s existing capacity to reduce its 
turbidity, and subsequently reduce the turbidity towards levels experienced prior to 
European settlement. The information provided in this Chapter summarises much of the 
most pertinent content contained within the thesis and answers RQ4. Thus, a strategy to 
reduce the turbidity of the Brisbane Estuary is proposed. 
The information provided in this Chapter summarises much of the most pertinent content 
contained within the thesis and answers RQ4. The reader is referred back to the numerous 
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chapters within the thesis if further details, explanation and substantiating evidence are 
required. 
 
7.3 A summary of the estuarine processes most pertinent to the strategy 
The temporary effect of rainfall on turbidity 
The turbidity of the estuary increases significantly following heavy rainfall. The impact 
however, is only temporary, with the turbidity returning to pre-rainfall levels within 1 month 
(Figure 7-1, brown arrow).  
The effect of the tide, the wind & the waves on turbidity 
The tidal currents within the Brisbane Estuary flow upstream and downstream to respectively 
fill and drain the estuary during the rising and falling tides. As this occurs, the tidal currents 
erode mud from the channel bed into suspension. Around high and low tides the currents 
slow, before changing direction. This period is often referred to as “slack water”, during 
which, the mud can settle out of suspension. 
The amount of mud which can be eroded from the channel bed into suspension by the tidal 
currents is dependent on the availability of erodible mud within the bed. In the Brisbane 
Estuary the availability of the mud decreases and increases throughout the year depending 
on the direction of net mud transfer between the channel and the mudbanks. Due to a 
complex combination of estuarine processes, the mudbanks are more extensive upstream 
of the council operated City Cat service. 
In the Brisbane Estuary, upstream of the City Cat service, the winds drive the direction of 
mud transfer between the channel and the mudbanks. When the winds are sufficiently calm 
and thus the waves are sufficiently small, the mud eroded from the channel bed into 
suspension by the tidal currents can settle onto the mudbanks during slack water. As the 
tidal currents do not erode the mudbanks, mud is progressively transferred from the channel 
to the mudbanks (Figure 7-2a). When the winds are sufficiently energetic, the waves are 
sufficiently large to erode mud from the mudbanks into suspension. Due to the waves, the 
suspended mud cannot settle back onto the mudbanks and instead settles onto the channel 
bed during slack water. Thus the mud is transferred back to the channel bed (Figure 7-2b). 
The wind follows an annual cycle, which through the aforementioned processes, 
subsequently drives an annual cycle in: the waves, the direction of mud transfer between 
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the channel and mudbanks, the availability of mud within the channel bed and subsequently 
the concentration of suspended mud. As the turbidity is largely a function of the 
concentration of suspended mud, the wind is the primary driver of the annual turbidity cycle. 
The gradual decrease in turbidity from April to August 
The wind conditions over the estuary are relatively calm from May to August (Figure 7-3a). 
During this period, the turbidity progressively decreases (Figure 7-1 brown-blue arrow), 
driven by the following sequence of natural estuarine processes: 
The winds are calm 
The waves are relatively small 
Mud in suspension settles onto the mudbanks during slack water 
Mud is progressively transferred from the channel to the mudbanks 
The channel bed is progressively depleted of erodible mud 
Less mud is available to be eroded by tidal currents 
The concentration of suspended mud, and subsequently the turbidity, decreases 
 
The increase in turbidity in September 
The wind conditions over the estuary are generally more energetic from September to April 
(Figure 7-3b). During this period, the turbidity increases and remains relatively high (Figure 
7-1), driven by the following sequence of natural estuarine processes. 
The winds are energetic  
The waves are relatively large  
Mud is eroded from the mudbanks 
Mud is progressively transferred from the mudbanks to the channel 
The quantity of erodible mud within the channel bed increases 
More mud is available to be eroded by tidal currents 
The concentration of suspended mud, and subsequently the turbidity, increases 
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The above list of processes was discovered to likely be the most significant driver of the 
annual turbidity cycle by analysing extensive data sets collected from the intertidal zone of 
the Brisbane Estuary and numerical modelling (Chapter 6). Numerous other potential drivers 
of the annual turbidity cycle were determined of lesser significance, again through the 
combination of data analysis and numerical modelling (Chapter 4). 
 
Figure 7-1. Measured turbidity at Indooroopilly (mid-estuary, 42 km upstream, Figure 6-1) in 2000-2001. 
Arrows indicate trends in the measurements and the ideal outcome following the successful implementation 
of the proposed strategy. Colouring is indicative only. The temporal trends in the measurements are consistent 
with 15 years’ worth of measurements collected throughout the estuary (Figure 4-41). Measurements courtesy 
Howes et al. (2002).  
Figure 7-2. Schematic of estuary cross-section at high tide depicting the direction of net mud transfer (a) to the 
mudbank during calm winds and (b) to the channel bed during energetic winds. The turbidity depends on the 
quantity of mud available for resuspension by tidal currents in the channel bed. Thus (a) as the quantity of mud 
within the channel bed decreases the turbidity decreases and (b) as the mass of mud within the channel bed 
increases the turbidity increases. 
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Figure 7-3. Fraction of preceding 30 days where the 30 minute wind speeds over the estuary were (a) below 
2 m/s (calm) and (b) above 6 m/s (energetic) from 2001-2015. 2001 (brown), 2002-2014 (green), 2015 (blue). 
Measurements collected at Archerfield airport, courtesy BOM. Replicate of Figure 4-2. 
 
a) 
b) 
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7.4 A summary of the vegetation of the estuary most pertinent to the strategy 
Crinum pedunculatum is a perennial herb which grows to ~1.5 m tall and wide on the 
mudbanks upstream of Fig Tree Pocket (Figure 5-2, 46 km upstream). The plant occurs 
naturally below the range of the other vegetative species (Figure 7-4). Propagules of C. 
pedunculatum which settle onto the bed below Mean Water Level (MWL) do not usually 
establish as the young seedlings are easily dislodged due to the tidal currents, waves and 
their own buoyancy. 
Transplants of juvenile C. pedunculatum have survived for over 18 months at -0.3 m MWL. 
These transplants are expected to mature with a continued high survival rate as mature 
plants have established naturally at this elevation. For further details regarding the planting 
trials, including growth rates and additional photographs, refer §5.6. 
 
 
 
7.5 The proposed strategy 
The turbidity of the Brisbane Estuary decreases when the waves are sufficiently small that 
suspended mud can settle onto the mudbanks and increases when the waves are 
sufficiently large that mud is eroded from the mudbanks (§7.3). Thus, a strategy which 
involves sheltering the mudbanks from waves will enhance the estuary’s existing capacity 
to reduce the turbidity.  
Figure 7-4. Photograph facing downstream with the channel to the left of naturally occurring Crinum 
Pedunculatum (vegetation with white flowers) growing on the mudbanks at Jindalee (50 km upstream). 
Replicate of Figure 5-16. 
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Utilising vegetation to provide the required sheltering is an attractive alternative to using 
engineered structures. It is fortunate that the local native perennial species, C. 
pedunculatum, already inhabits the mudbanks and is of a physical form conducive to 
intercepting waves. Unlike other intertidal vegetation, the species readily survives below 
MWL, thus sheltering can be provided to a larger area of the mudbanks. 
Planting C. pedunculatum in a line below MWL will form a physical barrier which will intercept 
the waves. Behind the line of plants, the conditions will permanently be equivalent to the 
conditions during periods of calm winds (Figure 7-5). Thus, the mud behind the line of plants 
will not erode in September and the turbidity will remain relatively low (Figure 7-1 blue arrow). 
 
 
During this thesis, plants have been planted by hand using a body board to navigate the 
mudbanks (Figure 7-6). Larger scale plantings would likely involve a small cherry picker 
mounted on a barge towed by a small vessel. The system would permit the planter to focus 
on pushing the plants into the mud and thus greatly improve the efficiency of the operation. 
When planted in dense lines, the plants will effectively intercept the waves once they have 
matured (Figure 7-7). 
 
Figure 7-5. Schematic of estuary cross-section at high tide, following the implementation of the proposed 
strategy, depicting the direction of net mud transfer (a) to the mudbank during calm winds and (b) to the 
mudbank during energetic winds. The turbidity depends on the quantity of mud available for resuspension by 
tidal currents in the channel bed. Thus (a&b) as the quantity of mud within the channel bed decreases the 
turbidity decreases.  
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Fortuitously, the estuary naturally transports mud upstream to within the natural range of C. 
pedunculatum. Thus, the proposed strategy need only be implemented within the natural 
range of the species, upstream of Fig Tree Pocket (46 km upstream). Mudbanks which are 
eroding and accreting throughout the year on a cycle similar to that of the annual turbidity 
cycle should be targeted. 
C. pedunculatum are susceptible to predation from caterpillars and high density plantings 
would be particularly vulnerable. Fortuitously, growing on the mudbanks is not without its 
advantages, as daily inundation will likely deter even the hungriest of herbivores. 
For further details regarding why the C. pedunculatum do not already grow in large numbers 
to form dense stands of vegetation below MWL, refer §5.6. 
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Figure 7-6. The writer planting C. pedunculatum seedlings in lines on the mudbank at Jindalee. Mature C. 
pedunculatum in far right of image. For larger operations a barge mounted cherry picker which reaches out 
over the mudbank supporting the planter would be more efficient. The proposed strategy only requires a single 
line of plants. 
Figure 7-7. The writer posing in front of mature C. pedunculatum planted in high density at a council park. 
Replicate of Figure 5-18. 
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7.6 Expected timeframe from implementation to impact 
There has been insufficient time in this thesis to determine the growth rates of C. 
pedunculatum planted below MWL. Based on recent observations, it is expected that the 
seedlings would require at least 4 years to grow sufficiently large to effectively intercept the 
waves. As the turbidity of the estuary reduces over several months when the winds are calm 
(Figure 7-1 brown-blue arrow), it is expected that the reduction due to a line of mature plants 
would also be realised within months. 
7.7 Precautions 
Over the past 15 years the concentration of phytoplankton has generally been highest 
throughout the estuary in August, when the turbidity is lowest (Figure 4-23). If the turbidity 
is reduced due to the implementation of the proposed strategy, then there is the potential 
for the concentration of phytoplankton to increase, especially during the warmer months 
when the estuary has previously been relatively turbid. A study by a suitably qualified 
scientist or engineer would quantify any associated risks. 
The 2011 flood killed 95% of the mangroves upstream of Breakfast Creek (Dowling, 2012). 
Lines of C. pedunculatum planted below the extent of other vegetation would be especially 
vulnerable and would likely perish during equivalent freshwater outflows. Thus, it is expected 
that the strategy would require reimplementation following large floods. The previous flood 
of a similar scale to the 2011 flood occurred in 1974 and before that in 1893. Thus, the 
reimplementation of the proposed strategy would likely be required at timescales 
significantly longer than the timescales required to realise the positive effect of implementing 
the strategy. 
7.8 Recommendations for ongoing & future work 
A number of interesting questions relating to the turbidity processes within the estuary 
remain unanswered and are discussed in the following. 
To date there is insufficient evidence to quantify the significance of the temporally varying 
mud input from Moreton Bay in driving the annual turbidity cycle throughout the estuary 
(§4.17). Additional measurements of the near bed suspended solids concentration and the 
near bed currents in the lower estuary would augment this thesis. 
The neap tide turbidity has an annual cycle which is not replicated in the process based 
numerical modelling (§6.14). Whilst the spring tide turbidity is principally driven by the 
availability of mud within the channel bed, the neap tide turbidity seems to be more strongly 
189 
 
influenced by the settling velocity of the suspended matter. In-situ measurements of the 
characteristics of the suspended matter towards the surface during neap tides, throughout 
the year, would likely provide the required insights. The concentration of suspended organic 
matter is highest during August when the turbidity is generally at its lowest (§4.13). It is likely 
that the low turbidity drives an increase in suspended organic matter. The modelling 
performed in this thesis indicates that the increased suspended organic matter may act to 
increase the settling velocity of the suspended matter and subsequently further reduce the 
turbidity (§6.14). A reinforcing feed-back process of this kind would further increase the 
efficacy of the proposed strategy. 
Aegiceras corniculatum seedlings planted below their natural range have survived for 12 
months (§5.4). This indicates that the cross shore distribution of the species may not be 
limited by the ability of mature plants to survive in the lower regions of the mudbanks but by 
the ability of the propagules to set root and for seedlings to establish. Continued monitoring 
of the seedlings and protection from debris should provide the required clarification. If the 
species was discovered capable of growing below their natural range then the species could 
also be planted to augment the proposed strategy. 
Although it is considered unlikely that the waves generated by recreational vessels are a 
significant driver of the turbidity of the estuary, a study into the vessel waves with respect to 
any annual cycle in their generation and their relative impact on the mudbanks when 
compared to the wind waves would be of interest (§4.17). Regardless of their relative 
significance, the proposed strategy will shelter the mudbanks from waves generated by 
recreational vessels as they would the waves generated by the wind.   
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A Appendices 
A.1 Near-bed salinity measurements across the intertidal zone at Site 1 
This appendix supplements the information provided in §4.12, where the longitudinal 
currents and the turbidity are provided. This appendix presents the salinity measurements, 
which were collected with an AquiStar CT2X Conductivity, Temperature and Depth logger 
(CTD) operating independently of the other instrumentation. The measurements were 
collected using a system which provided a means to move the instrumentation across the 
intertidal zone in a controlled manner. The system consisted of a series of PVC pipes, 
connected in a pile and span formation, pressed into the mud of the intertidal zone. 
Connected to the span of the PVC structure was railing, on which a traveller car was 
connected. The railing and traveller car were sourced from sailing equipment, which are, by 
design, suitably resistant to wet and saline conditions. The instrumentation was connected 
to the traveller car and could thus be pulled across the intertidal zone (Figure A-1). 
 
Figure A-1. Photograph of the deployed transecting system towards the end of the afternoon ebb tide. The 
traveller car and instrumentation were pulled via a rope to shore well above the water surface for this illustrative 
photograph, otherwise it would remain submerged. Photograph taken from the B. monnieri meadow facing the 
channel. Photograph taken 05/12/2017. This figure is a replicate of Figure 3-9. 
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The horizontal lines in Figure A-2 correspond to individual transects, with the colours of the 
lines corresponding to the salinity measured. The elevation of the lines corresponds to the 
water level at the time the respective transects were performed. The stage of the tide at 
which the transects were performed can be derived from the water level plot on the right-
hand side of the plot. The lowermost lines in the plots correspond to transects conducted 
during low water, when the intertidal zone was mostly exposed. The uppermost lines 
correspond to transects performed during high water, when the intertidal zone was mostly 
inundated, and subsequently measurements could be collected over a greater distance. The 
traveller car occasionally became stuck around a join in the track towards the lower limit of 
the transect, and subsequently not all the transects reached the lower limit. 
The salinity measurements collected across the intertidal zone at Site 1 (52 km upstream) 
demonstrate how the salinity is highest towards high water and lowest towards low water. 
This is due to relatively saline water flowing upstream during the flood tide and relatively 
fresh water flowing downstream on the ebb tide due to the longitudinal salinity gradient 
(Figure A-2). 
a) 
b) 
Figure A-2.Salinity measured 10 cm above the bed across the intertidal zone at Site 1 (52 km upstream) 
throughout the flood tide (a) and the following ebb tide (b) on the 05/12/2017. A description of how the plots 
are interpreted is provided in the above text. 
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A.2 Monthly measurements, sample times, 2001-2004 
This appendix provides substantiating evidence that discontinuities in the longitudinal 
salinity profile measured throughout 2001 and 2002 were due to discontinuities with the 
timing of the sampling, and not due to a bathymetric feature which affected how salt is 
transported along the estuary. The bathymetric feature in question was a shallow rock 
formation at Seventeen Mile Rocks (Figure A-3). 
 
 
The measurements of salinity were collected by lowering an instrument throughout the water 
column at specified locations along the Brisbane Estuary (HLW, 2016). Throughout 2001 
and 2002 two vessels were used, one to collect measurements downstream and the other 
upstream of Seventeen Mile Rocks. During these two years the two vessels started 
monitoring in the morning, the first at the mouth of the estuary and the other, just upstream 
of Seventeen Mile Rocks (Figure A-4). From 2003 onwards the sampling was performed by 
a single vessel starting at the estuary mouth. The times at which the measurements were 
collected for the years 2003 and 2004 are included as examples (Figure A-5). 
 
Figure A-3. Surveyed bathymetry at Seventeen Mile Rocks (47 km upstream of the estuary mouth). 
Measurements courtesy Brisbane City Council. The figure is a replicate of Figure 4-35. 
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Figure A-4. Times at which monthly measurements of salinity and other water quality parameters were 
collected along the Brisbane Estuary during 2001 (a) and 2002 (b). Measurements courtesy HLW (2016).  
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a) 
b) 
Figure A-5. Times at which monthly measurements of salinity and other water quality parameters were 
collected along the Brisbane Estuary during 2003 (a) and 2004 (b). The sampling performed in 2003 and 2004 
is consistent with how sampling was performed from 2003 to 2019. Measurements courtesy HLW (2016). 
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A.3 Monthly measurements, longitudinal salinity profiles, 2000 – 2016 
This appendix supplements the information provided in §4.15 and §4.16. Measurements of 
salinity and other water quality parameters are collected throughout the Brisbane Estuary at 
monthly intervals (HLW, 2016). The depth averaged salinity measurements provide valuable 
insights into how the estuary responds to flushing following rainfall events and subsequent 
significant freshwater inflows. The following plots (Figure A-6 a-q) depict the longitudinal 
salinity profile for the months following a flushing event and up to the month prior to the next 
flushing event. The year 2006 is an exception as it did not rain until June 2007 (Figure A-6 
g & h). The minor discontinuities in the longitudinal salinity gradient at ~50 km for the years 
2001 and 2002 (Figure A-6 b 7 c) are attributable to discontinuities in the times at which 
measurements were collected (§A.2). 
 
a) 
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b) 
c) 
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d) 
e) 
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f) 
g) 
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h) 
i) 
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j) 
k) 
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l) 
m) 
212 
 
n) 
o) 
213 
 
p) 
q) 
Figure A-6. Longitudinal profiles of the depth averaged salinity collected along the Brisbane Estuary following 
flushing of the estuary, due to significant rainfall related freshwater inflows, up until the month prior to the next 
flushing event. The salinity within the estuary during 2006 continued to increase from March 2006 (g) through 
to May 2007 (h). The plot for 2004 (e) is a replicate of Figure 4-30. Measurements courtesy HLW (2016). 
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A.4 Gradient Diffusion model of longitudinal salinity profiles, 2010 & 2012 
This appendix supplements the information provided in §4.16. A numerical model was 
developed, capable of simulating the depth averaged salinity response within the Brisbane 
Estuary to flushing following rainfall induced freshwater inflows (§4.16). The model was 
validated using measurements of the longitudinal salinity profile in the year 2004. The model 
was then further validated for the years 2010 and 2012, using the same parameter set 
(Figure A-7 a & b).  
a) 
215 
 
b) 
Figure A-7. Additional validation of the 1D gradient diffusion model developed in §4.16 for the years 2010 (a) 
and 2012 (b). The circles depict the data and the lines the model results. Measurements courtesy HLW (2016) 
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A.5 Turbidity, Salinity & Tidal Range at Indooroopilly (2001-2004) 
This appendix supplements the information provided in §4.17. The information within the 
plots depicts how the turbidity and salinity responds to rainfall related freshwater inflows and 
tidal range. Generally, there is a significant increase in turbidity coinciding with a significant 
decrease in salinity, this is due to sediment input from the catchment. The most rapid 
increases in salinity occurs during the neap tides following the flushing event. The turbidity 
is higher during the spring tides than during the adjacent neep tides and generally decreases 
from April through to August. Interestingly, the increase in turbidity later in the year does not 
coincide with a decrease in salinity (Figure A-8 a, c & d). This indicates that the turbidity is 
increasing during this period due to processes other than sediment runoff from the 
catchment. 
a) 
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b) 
c) 
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d) 
Figure A-8. The response of the turbidity with the Brisbane Estuary at Indooroopilly (42 km upstream) to 
freshwater and sediment inflows and variations in the tidal range. The tidal range plotted is the largest daily 
flood tide. Measurements courtesy Howes (2002) and the Port of Brisbane. 
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A.6 Photographs of accreting / eroding intertidal zone 
This appendix contains photographs, which provide supplementary evidence to the 
information provided in §4.12 and §6.9 (Figure A-9 & Figure A-10). 
 
Figure A-9. A time series of photographs of Aegiceras at Site 2 (50 km upstream) taken looking upstream with 
the channel to the right. The photographs document how erosion around the roots is progressing as the 
turbidity of the estuary is increasing (a & b), and how following a period of decreasing turbidity and deposition 
over the intertidal zone the roots are covered (c). Note the advancing pneumatophores of the Avicennia. The 
Aegiceras from Figure 4-21 is in the background. 
(a) 17/10/2017 
 
(b) 15/01/2018 
 
(c) 08/9/2018 
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Figure A-10. Photograph taken at Site 1 (52 km upstream) looking shoreward at a Crinum Pedunculatum. The 
roots are exposed during a period when the turbidity of the estuary is increasing (a), and for the same plant, 
the roots are covered following a period of decreasing turbidity (b). 
  
 
(a) 17/10/2017 
 
(b) 25/7/2018 
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A.7 Longitudinal subtidal sediment sampling 
This appendix contains photographs, which provide supplementary evidence to the 
information provided in §4.11. Sediment grab samples were collected from a boat, mid 
channel along the Brisbane Estuary. Samples were collected from downstream of the 
Turbidity Maximum (TM), within the TM, and upstream of the TM towards the tidal limit. The 
TM occurs around 56 km upstream (Figure 4-40). The samples were photographed with a 
scale once back in the laboratory. 
a) 52 km upstream of the mouth. (152.92714 -27.53231) 
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b) 55 km upstream. (152.91506 -27.54261). A layer of fine sediment was 
likely above the layer of mixed sediment  
 
c) 57 km upstream. (152.90533 -27.55194) 
 
 
223 
 
 
d) 58 km upstream. (152.89628 -27.56186) 
 
e) 64 km upstream. (152.90114 -27.60225) 
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f) 68 km upstream. Appreciable sand (152.87825 -27.58181) 
 
g) 70 km upstream. (152.86461 -27.59286) 
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h) 73 km upstream. (152.85561 -27.58517) 
 
 
i) 77 km upstream. (152.85192 -27.54939) 
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j) 78 km upstream. (152.85078 -27.53936) 
 
k) 80 km upstream. (152.83542 -27.53158) 
 
 
Figure A-11. Photographs of the sediment collected from the bed, mid-channel in the Brisbane Estuary using 
a clam shell grab sampler. Distances provided are distances upstream of the estuary mouth. The Turbidity 
Maximum is ~56 km upstream. 
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A.8 Longitudinal intertidal sediment sampling 
This appendix contains photographs, which provide supplementary evidence to the 
information provided in §4.12. Sediment samples were collected from the intertidal zone 
along the Brisbane Estuary. Samples were collected from upstream of the Turbidity 
Maximum (TM). The TM occurs around 56 km upstream (Figure 4-40). The samples were 
photographed with a scale once back in the laboratory. The photos (Figure A-12 a-c) indicate 
that the intertidal sediment constitutes largely of fine sediment (clays and silts) upstream of 
the TM, despite the subtidal sediment constituting predominantly coarse sediment (Figure 
A-11 h, i & k) (sands and gravels). Coordinates were not recorded for the intertidal locations, 
however, the coordinates can be inferred from those provided in the previous appendix 
(Figure A-11 h, i & k). 
 
a) 73 km upstream. 
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b) 77 km upstream. 
 
 
c) 80 km upstream. 
 
 
 
Figure A-12. Photographs of the sediment collected from the intertidal bed within the Brisbane Estuary. 
Distances provided are distances upstream of the estuary mouth. The Turbidity Maximum is ~56 km upstream 
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A.9 Cross channel subtidal sediment sampling 
This appendix contains photographs, which provide supplementary evidence to the 
information provided in §4.11 and §4.12. Sediment samples were collected from the subtidal 
zone across the channel 52 km upstream (adjacent Site 1). Thus, the samples were 
collected downstream of the Turbidity Maximum which occurs around 56 km upstream 
(Figure 4-40). The photos indicate that the subtidal bed contains a higher fraction of fine 
sediment (silts and clays) towards the channel bank (Figure A-13 a), than towards the 
channel centre (Figure A-13 b).  
a) 52 km, adjacent Site 1, towards left bank when facing upstream 
Lots of wood, soft feel, almost no sand 
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b) 52 km, adjacent Site 1, mid-channel (152.92714 -27.53231) 
Figure A-13. Photographs of the sediment collected from the subtidal bed within the Brisbane Estuary at 52 km 
upstream of the estuary mouth. The Turbidity Maximum is ~56 km upstream. The photo of the sediment 
collected mid-channel is a replicate of that in Figure A-11 a.  
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A.10  Potential bathymetric survey methods 
Marker horizons consist of a layer of dust, such as brick dust or coloured aluminium glitter 
sprinkled onto the surface of the mud. Following the required deposition, sediment cores are 
collected and the distance from the mud surface and marker horizon can be used to 
determine the extent of deposition. This method has been used in numerous surveys 
(Richard, 1978). This method was not suitable for surveying the Jindalee intertidal zone for 
the following reasons; bioturbation would likely disrupt the originally well-defined horizon, a 
well-defined horizon would not be maintained within the slime, erosion would remove the 
horizon and the same locations would likely be sampled multiple times throughout the 12+ 
month survey period. 
Buried plates consist of a plate buried below the sediment surface. Following a period where 
the disturbed sediment supposedly recovers, the deposition or erosion can be determined 
via placing a graduated pin down through the mud to the buried plate. This method has been 
used in numerous surveys (Amos et al., 1988). This method was not suitable for surveying 
the Jindalee intertidal zone for the following reasons; the buried plate could disrupt 
bioturbation and drainage processes, the disturbed mud could not be guaranteed to recover 
to the state of the surrounding mud, the buried plate would likely sink through the slime, 
buried plates would be required across the entire intertidal zone. 
Survey pins consist of graduated pins or stakes driven into the mud. The erosion or 
deposition can be determined via the changes in mud surface against the graduations. This 
method has been used in numerous surveys (Ranwell, 1964). This method was not suitable 
for surveying the Jindalee intertidal zone for the following reasons; large debris would likely 
snag on the pins / stakes and move or remove them following freshwater outflows, If the 
pins / stakes were robust enough to withstand snags and spaced to provide the required 
resolution then the flow field would likely be disrupted. 
Ultrasonic altimeters emit a pulse of sound through the water and use the returning echo to 
determine the distance to the surface of the mud. This method has been used in numerous 
surveys to provide high temporal resolution measurements at a single location (Deloffre et 
al., 2006; Whitehouse and Mitchener, 1998). This method was not suitable for surveying the 
Jindalee intertidal zone for the following reasons; elevations were required at a high spatial 
resolution across the intertidal zone, the frame supporting the altimeter would have snagged 
debris which would have either moved or removed the mounting or disrupted the flow field. 
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Terrestrial or airborne laser scanners emit laser beams and record the time required for the 
reflected beams to return, thus deriving the distance to the reflective surface. These 
methods have not yet been widely adopted for surveys of the intertidal zone. This method 
was not suitable for surveying the Jindalee mudflat for the following reasons; airborne laser 
altimetry is insufficiently accurate, terrestrial based laser altimetry has shadows and thus 
areas or interest such as eroding scarps could not be defined when the scanner is placed 
above the high water mark. 
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A.11  Testing effect on water and organics content with repeated sampling 
To quantitatively determine whether the repeated sampling was progressively changing the 
properties of the exposed mud at Site 1 (52 km upstream at 152.92778 -27.53138), two lines 
of samples were collected from the mud between 6-7 m for the seven field trips from August 
to November 2017. To contextualise the position within the intertidal zone, refer Figure A-14. 
The first line was that repeatedly sampled from August 2017 to August 2018 whilst the 
second line was progressively moved in the longshore direction. Thus, samples from the 
second line were collected from a length of the intertidal zone never previously sampled. 
Whilst there was an element of spatial variation, the temporal trend of decreasing water 
content was consistent between the two sets of measurements, demonstrating that the 
measurements were not appreciably affecting the properties of the mud. How the water 
content and loss on ignition were derived are detailed in §3.7 §3.8 respectively. 
 
 
Figure A-14. Bathymetric surveys at Site 1, Brisbane Estuary, from January to August 2018. The 
exceedances plotted relate to the water levels. The 50% exceedance is the median and essentially 
Mean Water Level (MWL) which corresponds to 0.2 m Australian Height Datum (AHD). The 
interface between the 3 regions are those observed during the 28/08/2018 survey. The interfaces 
were not always well defined and were observed to move by ~0.1 m in the cross shore direction 
between surveys. This figure is a replicate of Figure 4-13. 
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a) 
b) 
Figure A-15. Gravimetric water content (a) and Gravimetric organics content, inferred from the loss of ignition 
test (b). Samples were collected from the intertidal zone at Site 1 (52 km upstream). 
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A.12  Measured water and organics content of intertidal sediment 
This appendix contains the data collected through the procedure described in §3.7 and §3.8. 
 
Figure A-16. Water content of intertidal samples collected from the upper 40 mm from the exposed mud 
between 6-7 m (brown) and slime between 12-13 m (blue) at Site 1 (50 km upstream). Refer Figure A-14 for 
cross shore locations. 
Figure A-17. Organics content of intertidal samples collected from the upper 40 mm from the exposed mud 
between 6-7 m (brown) and slime between 12-13 m (blue) at Site 1. Refer Figure A-14 for cross shore 
locations. 
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A.13  Measured Suspended Solids Concentration (SSC) and organics content 
of water samples 
Water samples were collected from a boat along the Jindalee reach of the Brisbane Estuary, 
upstream of the Centenary Bridge to the southward bend (Figure 3-2). The suspended solids 
concentration was determined via drying the filtered solids at 65°C and the organics content 
via heating to 550°C. 
Date Depth [m] SSC [mg/L] % organics 
13-June-2016 Not recorded 67 25 
“” “” 75 28 
15-June-2016  82 24 
“”  87 25 
  141 20 
  145 25 
  142 23 
  135 19 
  121 33 
  98 35 
  148 32 
  149 25 
  135 34 
  125 32 
17-June-2016 1 50 33 
 2 67 36 
 3 97 26 
 4 70 28 
 5 93 39 
 6 111 28 
 6 121 35 
 8 126 22 
 3 122 33 
 4 223 22 
 7 183 20 
Average   28 
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A.14  Processes based Models 1 & 2, performance 
 
 
Figure A-18. Scatter plot of Model 1 (blue) and Model 2 (green) vs measurements. The coefficient of 
determination, R2, was -0.54 and 0.00 respectively. The poor performance of both models was due to an 
overprediction of the turbidity values which could have been readily corrected by reducing the erosion rate 
term and increasing the settling terms in Equations 11 and 12 respectively. 
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A.15  Processes based model 3, additional results and model parameters 
This appendix provides addition information regarding the third and final process based 
model. Figure A-19 provides information regarding the wind forcing and the modelled mass 
in the sub and intertidal beds together with the modelled and measured turbidity. Figure 
A-19 demonstrates how the wind was generally calmer from April through to September in 
2001. The reduced winds resulted in smaller waves which subsequently resulted in a 
transfer of mass from the subtidal zone (black and green lines) to the intertidal zone (red 
line). As the mass of sediment within the subtidal zone progressively reduced, the mass of 
fine sediment available to be resuspended by tidal currents reduced, and subsequently the 
modelled turbidity (blue line) reduced. When the strong winds returned, fine sediment was 
eroded from the intertidal zone and subsequently returned to the subtidal bed, resulting in 
an increase in turbidity. The modelled turbidity (blue line) is in close agreement with the 
measured turbidity (brown dots). 
 
 
The model was also run for the following year (Figure A-20). The disparity between the neap 
tide turbidity is greater in 2002 than for 2001, with the model underpredicting the turbidity 
during the neap tides throughout 2002. The measurements in Figure A-19 and Figure A-20 
Figure A-19. Modelled turbidity (blue line) plotted against the measured turbidity (brown dots). The 
modelled mass in the subtidal bed (L1, green), subtidal bed (L2, black) and the intertidal bed (red) are 
plotted against the lower right axes. The westerly component of the wind used in the modelling and that 
plotted was removed. Refer §6.14 for how the subtidal bed is discretised into the two layers L1 & L2. 
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were collected from different locations around 42 km upstream. Whilst the measurements 
were collected within 100 m of one another, it is not known which was closer to the bank 
and which set of measurements were collected from a shallower depth. 
The model does not simulate the contribution to the turbidity by suspended solids which are 
either buoyant or settle in water significantly more slowly than the mineral sediment. Data 
collected from the Brisbane Estuary demonstrates that the contribution to the suspended 
solids concentration by dead and/or alive organic matter can be as much as 39% (§1.3 & 
§A.13). The organic matter is likely the most significant contributor to the model 
underpredicting the turbidity during neap tides (Figure A-20).  
 
 
  
Figure A-20. Results from model 3 (blue) compared to measurements collected from a data buoy at 
Indooroopilly in 2002 (brown).   
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The complete set of parameters used in validating process based model 3 are provided in 
Table A-1. 
Table A-1. Parameters used in Model 3 
Parameter Equation reference Value 
𝛼
𝑉
 11 0.018 
𝜏௖௘ 11 0.18 
𝑤′௦
ℎ
 
12 0.0007 
𝜏௖ௗ 12 0.1 
𝜙 14 0.2 
𝜃 15 & 16 0.001 
𝑊௘௡௘௥௚௘௧௜௖ 20 5 
𝜑 20 0.0015 
𝑊௖௔௟௠ 21 1 
𝛽 21 0.000024 
 
